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+ Today, we will study electron

configurations and how to fill

electron orbitals.

« The Bohr model of the atom

describes atoms as a nucleus
orbited by electrons that travel in
circular orbits, similar to planets
orbiting around the sun.

I assume that many of you have
learned the same.

But, electrons behave as not only
particles but also waves.

In fact, electrons do not orbit
around an atomic nucleus as
particles. Instead, an electron
orbital represents the probability
that an electron is located at any

specific point around an atomic
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n

i

k.

kb\b\iﬁ” nucleus.

S6 + An electron orbital represents a
probability  because of the
uncertainly  principle, which
states that the momentum and
location of a particle at a given
moment cannot both be
determined exactly.

S7 + The probability distribution of an
electron’s position is called an

electron orbital.
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The probability density of an electron
by the

Schrodinger equation.

is  obtained solving
Schrodinger devised this equation in
1926.
Previously, we learned that electrons
behave as not only particles but also
waves.

By considering the properties of
waves, Schrodinger was able to solve
problems that could not be explained

by the Bohr model of the atom, since

the latter was a development of
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classical physics.
The Schrodinger equation is given by

the following formula.
A+ 2 (B _yyw =0
h

Here, I will not give a detailed
explanation of this equation, but I
would like to discuss what we can
understand from solving it.

From the Schrodinger equation, we
can obtain the eigenvalue of energy
and the wave function.

By solving for the wave function, we
can obtain the probability density of
an electron.

This discovery led to rapid advances

in quantum mechanics.
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+ In your previous chemistry courses,

you have learned about -electron
shells (for example, the K, L, and M
shells);
orbital.
Specifically, the s orbital, p orbital, d

these consist of electron

orbital, and f orbital.
Now, I will introduce a new, general

concept of quantum numbers.

Quantum numbers include the
principal quantum number, the
azimuthal quantum number, the

magnetic quantum number, and the

spin quantum number. These
numbers are denoted as n, I, mi;, and
ms, respectively.

The principal quantum number n

describes the energy level of the
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orbital and corresponds to the
electron shell: for example, n = 1, 2,
and 3 corresponds to the K, L., and M
shells, respectively. As n increases,
the orbitals increase in size.

S8 -
describes the type of atomic orbital: I

The azimuthal quantum number /

=0, 1, 2, and 3 corresponds to the s, p,
d, and f orbitals, respectively.

S9 + The magnetic quantum number, m
describes the shape of the orbital,
and corresponds to 2/+1 orbitals.

S11 - Thus, a principal quantum number,

n has n? orbitals in total.

S12 - Here, let us take the 2p orbital as an

example.

S13 - The 2p orbital consists of three

orbital because n=2, =1, and the

magnetic quantum number can
take three values.

S15 - Let us examine the shape of the

different atomic orbitals.

S16-The s, p, d, and f orbitals do not have

the same shape.

S17 - An s orbital is spherical, while p

orbitals are dumbbell-shaped and
d the

magnetic quantum number, are in

orbitals, depending on

the shape of either a four-leaf

clover or two lobes with a
doughnut-shaped ring around the
center.

S18 - Because of the difference of orbital

described by the

azimuthal quantum number.

broadening
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S19 -+ Finally, we will discuss the spin
quantum number ms.

S20-An electron orbital can contain
up to two electrons.

S21-Two electrons in an orbital must
each have opposite spin, which is
described as either “up” or “down”.
The spin quantum number
describes this spin direction and

takes values of ms= +0.5.
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* Now, I will explain the rule governing

how to fill electron orbitals.

First, we will study the Aufbau
principle.
This principle states that electrons fill
the lowest energy orbitals in turn.
Thus, electrons are forbidden from
filling a higher energy orbital first.
The Pauli exclusion principle states
that two electrons in a single atom
cannot have the same four quantum
numbers.

So, when two electrons occupy the
same orbital, the direction of their
spin must be opposite.
Two electrons in the same orbital are

forbidden from having the same spin.
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S8 - Finally, we will study Hund’s rule.
S9 - This rule states that when electrons
fill multiple degenerate orbitals (that
is, orbitals with the same energy),
the electrons occupy different
orbitals and have the same spin
direction because this configuration
is most stable.
S10 - For example, let us consider the 3d
orbital.
S11 - The number of orbitals is five (21+1).
S12 + When five electrons fill the orbitals,
the electrons will occupy different
orbitals and have the same spin
direction.

S13 « This is Hund’s rule.
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* Let us next study how to fill electron

orbitals.

Electrons occupy the lowest energy
orbitals in turn.

As shown in the figure, orbital energy
increases in the following order: 1s,
2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s,
4f, 5d, 6p, and 7s.

But, by way of exception, please
attention that electron fills the
orbital nearest atomic nucleus in
transition metal ion (Fe) and those of
compounds.

Why does the energy of electron
orbitals not increase near the atomic
nucleus in turn?

We will study this on the next page.
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S1 + In this section, we will study
screening.
S2 -+ Screening is the measure of how

S3 -

S4 -

S5 -

S6 -

strongly a negatively charged
electron in a given electron orbital is
attracted to the positively charged
nucleus of the atom.

To determine the contribution of
screening, we will use Slater’s rules.
The effective nuclear charge, which is
the full nuclear charge minus the
effects of shielding described by
Slater’s rules, is given by Z*=Z-S.

Z is the nuclear charge, and S is
called the screening constant.
Slater’s rules comprise the following

five rules:
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S7 + 1) Assign the electron orbitals to one
of the following groups: [1s] [2s, 2p]
[3s, 3pl [3d] [4s, 4p] [4d]

[4f] [5s, 5p.

S8 - Ignore the screening of electrons in

orbitals to the right of the group to

which the target electron has been
assigned.

S9 - (2) Each of the other electrons in the

group to which the target electron

belongs contribute only 0.35 to S (1s
is 0.30 ).

S10 - (3) Each electron whose principal
quantum number is n-1 contributes
0.85.

S11 - (4) Each electron whose principal

quantum number is n-2 or less
contributes 1.

S12 - ® In case of electrons belonging to
[nd] and [nfl, rules (3) and (4) do not
apply and each electron assigned to a
group to the left contributes 1.

S13 - For example, let us calculate the
effective nuclear charge Z* for 1s, 2s,
and 2p orbital electrons of F atom.

S14 - F atom has nine electrons.

S15 - Putting the electrons in ascending

of the

configuration becomes [1s2] [2s2 2p5].

order energy, electron
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S16 - The effective nuclear charge action
on the 1s electrons is Z*=9-0.3=8.7
because the other 1s electron’s
contribution is 0.3 due to rule (2).

S17 - Let us next consider the 2s and 2p
electrons.

S18-2s and 2p electrons do not contribute
to screening of the 1s electrons
because of rule (1).

S19 - For the effective nuclear charge Z*

acting on the 2s and 2p electrons, the

s2 electrons of the n-1 group
contribute 0.85X2 and the other 6
electrons of the same group

contribute 0.35%6.

S20 + So, Z* = 9-0.85%x2—0.35%6 = 5.2.

S21 - Therefore, the 1s electrons are
distributed closer to the atomic
nucleus compared with the 2s and 2p
electrons, and thus the 2s and 2p
orbitals are less energetically stable.
An orbital that does not participate in
bond formation is called an inner
orbital.

S22 « The electrons in such orbitals are
referred to as inner electrons.

S24 - Conversely, the orbitals farthest

from the atomic nucleus directly

participate in chemical bonding and

are called valence orbitals.

S25 - The electrons in these orbitals are

called valence electron.
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- ns orbital is generally larger intruder

effect, so ns<np.

+ As shown in the figure, the effective

nuclear charge Z* becomes larger
moving to the right on the periodic
table in the same period, so the

energy is reduced.

+ At the same time Z* becomes larger

moving down the periodic table in
the same group.

However, the electron distribution is
farther from the nucleus because n
becomes larger. Thus, the energy

becomes larger.

* When we compare the 3d and 4s

orbitals, the 4s electrons are less
screened by 3s and 3p electrons

because the 4s orbital penetrates
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X6 - ,y %5 L TR F¥F— 75‘{1&( AR closer to the nucleus.
£ S6 - As a result, energy becomes lower.

X7 - %%K\ ﬁﬁ%’mﬂ IZ&D %E/V g ?jLJE)@:Y_X S7 « In this way, electron orbital energy is
AMEX—1T 2o X H 7 Lll,%h%‘l.."; < arranged as follows, because of
%]%U“i@”o penetration.

L8 - 15<25<2p<3s<3p<4s = 3d<4p<bs= S8 - 1s<2s<2p<3s<3p<4s < 3d<4p<bs <
4d<5p<6s =4f=5d<6p<T7s<5f<6d 4d<5p<6s < 4f < 5d<6p<Ts<bf<6d

9 . L%&%%% j/»@%@?%’\% S9 - But in case of transition metals, the
TIX ﬁl,é/”%g 3 LELFS %Eﬁtév L T 4s>3d, order is reversed:
5s>4d, 6s>5d & 72V £, 4s > 3d, 5s > 4d, 6s > 5d.

X10 - :Z?L Zﬂiﬂi% ZF‘/ A <E 3s, 3p S10 - This is because the 3s and 3p
@LLJ_ 7533413(7% 4s$jL 2 E ]\ WD D orbitals are smaller and the 4s orbital
5TY, penetrates less.

+—"7—F(Key words)
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W EE: - BBER
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52 38 (Related terminologies)

AT L—x7 (AT L—=7) : Mendeleev
- gt#E (FA%) : element

- b3 (S AD299) ¢ oxidation number

- E ((FALY X9) : relative atomic mass
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Finally, let us look at actual electron
configurations.
In the figure, the electron

configuration is shown for selected

atoms from H to Ti.

+ Taking a carbon atom as an example,

the
with

the electrons occupy

lowest-energy 1s  orbital
opposite spin.

Next, the 2s orbital is filled in a
similar manner.

The remaining three electrons fill the
2p orbitals. In accordance with
Hund’s rule, which we discussed
previously, each electron occupies its
own orbital and their spins are
the most stable

parallel in

configuration (ground state).
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Up to this point, we have considered
only electrons of atoms.
Next, we will study electrons in a

crystal composed of many atoms.

+ There are conductive crystals such as

metals, insulators such as diamond,

and semiconductors such as silicon.
Why do these materials exhibit

different electrical properties?

Here, we will consider the electrical

properties of crystals from the

perspective of electron orbitals.

To begin, let us consider the example

of Si, which is a typical

semiconductor.

Isolated Si atoms have an electron

configuration of 1s22s22p63s23p?2 .
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+ At this time each electron in atom
move orbits which have intrinsic
1s22822p63s23p2 energy state.

S9 - What will happen if silicon atoms

approach each other and form a

crystal?

S10 + The molecular orbital diagram of
solid Si crystal is shown in the figure.

S11 » The inner 1s22s22p6 electrons are

strongly attracted to the atomic

nucleus and cannot interact with
other Si atoms.

S12 - Consequently, the inner 1s22s22p6
electrons do not participate in bond
formation between atoms and are
independent.

S13 - At the same time, the outermost
3s23p? electrons are screened by the
inner electrons, as well as located at
a greater distance from the nucleus.

S14 - These four electrons can be thought

to hybrid

composed of an s orbital and three p

occupy  sp3 orbitals

orbitals.
S15 - These four electrons in the sp3
hybrid orbitals are used to bond with
other Si atoms.
S16 - In this way, Si atoms assemble in
three fully

orbital

dimensions and a

delocalized molecular 1s
formed, when an extremely large
number of atoms constitute the

crystal.
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cp#E (KR—=% LY 9H) :p orbita

HAREAZER
53 53 N oF N ;)d/; - -
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» This molecular orbital has a little

different energy in the same orbital

because the electron in outside
orbital exists higher energy level.

In other words, the molecular orbitals
have an essentially continuous range
of energy.

This continuum of orbitals over an
energy range is called a band.

In addition, the outermost band that
is filled with electrons is called the
valence band. The band above the
valence band is called the conduction
band.

Between the valence band and the
conduction band, there is a range of

energy in which no electronic states

exist. This range is called the band
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o5 0 AL
L6 - ZDONRY RXE v S i%é‘fé)ﬁ% gap.
T &

DEREPEE N KX < | A ligsE  S6 -
BEICHR S BTN BIE SR E <
A/

The band gap increases as the

electronegativity of the atoms

involved in bonding increases,

because valence electrons are more

strongly attracted by the nucleus.
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! direct transition

. indirect transition
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« Next, we will study the electrical

conductivity in a crystal, considering
its band structure.
The figure shows the energy band
diagram for crystals that are a
semiconductor, insulator, and metal.
First, I will explain semiconductors
All valence electrons are in the
valence band of a semiconductor at
absolute zero.

Consequently, no electrical
conduction occurs because there are
no electrons in the conduction band.
In other words, semiconductors do not
conduct electricity at absolute zero.

On the other hand, the band gap of a
semiconductor is not especially large,

and has a value of approximately 1.0
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eV.

+ Adding heat provides energy to the

electrons.

S9 - As a result, a portion of the electrons

transfer into the conduction band

from the valence band.

S10 * Such a transition to a higher energy
state is called excitation.

S11 - Owing to the conservation of charge,
when an electron is excited to the
conduction band, a positive charge or
hole is left behind in the valence
band.

S12 - These electrons in the conduction
band and holes in the valence band
act as charge carriers when voltage is
applied.

S13 ¢+ To sum up, for semiconductors,

increasing temperature increases
electrical conductivity.

S14 - By adding heat, the number of

mobile electrons in the valence band

or mobile holes in the valence band
increases.

S15 For this

reason, decreasing

resistance with increasing
temperature is characteristic of a
semiconductor.

S16 - Next, I will explain insulators.

S17 - Insulators, for example, diamond,
have a large band gap of greater than
3.0 eV, high

electronegativity, which causes the

owing to

orbitals to be concentrated near the

nucleus.
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LEF (fﬁ)?zﬂ%%b) . S18 - Consequently, the number of
X24--LT7=no TEF;UTE BT 5H & Z‘g% [ electrons excited into the conduction

ﬂ? ﬂ:%ﬁzﬁi‘j(% <7 E9, band is very few and almost all electrons
X25 - Eﬁ@ Er “C% L7 F¥F—% remain in the valance band.

7 x )L L;‘_’%U{Lﬁ AAYVAY:3c S19 - For cases other than semiconductors,
X267 x)L3 —/E ﬂ L ﬂi%@ﬁ“ f‘i ZEW increasing heat does not increase

TEFDHETE DIAT R AX—% current.
WINET, S20 - Finally, I explain the band structure
of metals.

S21 - There is not a band gap because the
valence band is not full of valence
electrons

S22 - Thus, electrons can transfer easily.

S23 - As heat is added, the oscillation of
the constituent atoms becomes larger,
which inhibits electron motion (this
oscillation is called lattice vibration).

S24 -+ In other words, increasing
temperature increases resistance.

S25 + The energy level denoted as Er in
the figure is called the Fermi level.

S26 + The Fermi level is the maximum
energy level at which an electron can

exist at absolute zero.

*—"7J—F(Key words)
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REBEE (Lx o72nADE) ¢ (density of states)

=& A_ChLED

EZKEE *FnR

w6 M%) bRV LT, il EOH (box)
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Z ZTiE, ﬁuﬁ%@ﬁﬁé(temperatureﬂ LWy ZkTd,

15 TR : THET 5 1,7 to resist” L) HIkTT,

5 1‘%7‘] (authority) ZZ%%?”Z)
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-z ’C“Li%%bé.%wa 0)%” 2 DT XI)LFX S1 - In this section, we will study the
— j;:%ué%,f% LET, energy level of an electron in a
= AN ﬁiiyglj T LT%% L. iEH crystal.
sl * LE—R¥F oo jj}ié zH b ﬁg S2- First, the lowest energy level at which
@Wﬂé&@:ﬁzwﬂ? _’E ﬁig:ﬁ;%b‘i}% an electron can exist is called the
fir (Bvac) &7 L E3 I vacuum level (Evac), at which the
+ Evac %E@a@”é k .0) J: X %0) energy level is zero.
T X)X — 47% é» 2% fﬁ T AN S4 - Next, I will explain several terms.
TZ i ?” S5 « The first is electron affinity (EA).
T o OO)H% %ﬁ;;ﬁ LT, S6 - Electron affinity is the change in
iﬁ”%ﬁﬂ %éjll])}j %:EEE)% Liﬁ” energy when an electron is added to
. ?E/v 2 %ﬁw 35 s, %f“ ,|j< F!u W{ZI: a gaseous atom in the ground state in
%ﬁ%&iﬁ}ﬁtﬁﬂ) TH q /V%L 75)’51 Z. f%:/f 7 a vacuum to form an anion
T A L X I%L,jm:# HITRILFE— S7 - In other word, it is the energy change
<, when an electron enters into the
. %b \EI%ELK 5eE. ?'-é}u?z ﬁl%%%@ 7 lowest energy level of the conduction
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band.

S8 - Electron affinity is the difference

between the vacuum level and the

lowest energy level of the conduction
band.

S9 - A change of state occurs in the system,
in which the energy released is
larger.

S10 + In other words, for larger electron
affinity, it is easier to form an anion
by addition of an electron.

S11 - Next, I explain the work function.

S12

« The work function is the lowest

energy necessary to extract an

electron from the surface of a
material surface into a vacuum.

S13 + In other words, it is the energy
required to release an electron at
absolute zero. The Fermi level is the
maximum energy level at which an
electron can exist at absolute zero. So,
the work function can be expressed
as Er—Evac.

S14 + Finally, I will explain ionization
potential.

S15 - Ionization potential is the energy
required to extract an electron from a
gaseous atom in the ground state in a
vacuum to form a cation.

S16 - In this case, the electron is extracted
from the highest energy level of the
valence band.

S17 - Consequently, ionization potential
can be expressed Evem— Evac.

S18 - For lower ionization potential, the

energy of the highest energy level of
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ﬁX%b\f: OENDEITLT L, [i,%% the valence band top is higher and
TNl ReTnz b %%‘ﬁ% L the electron can be extracted more
e

easily. This means that it is easier

to form a cation.
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In this section, we will study
electrical conduction in a
semiconductor.

Semiconductors can be categorized as
intrinsic semiconductor, which do not

have impurities, and extrinsic

semiconductor, which have
impurities.

S3 -+ First, we will discuss extrinsic
semiconductor.

S4 - Let us consider what will happened

when a Si atom in the Si crystal is
replaced by substitution of an
impurity, for example, an As atom or

a B atom.
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S5« The Si atom, which is quadrivalent, is
replaced with a quinquevalent As
atom, which has higher wvalence.

there

Consequently, is one extra

electron, even if As forms covalent

bonds with five neighboring Si
atoms.
S6 -+ This extra electron can move r

elatively freely.

S7 + Showing this on a band diagram,

valence band is filled with electrons

and the extra electron is in a state
from which it can easily enter the
conduction band (Fig. 2 left).

S8 « The electron in this energy level is

exited easily to the conduction band.

So, this energy level is called the

donor level.

S9 + A semiconductor in which electrons

are the main charge carriers is called

an n-type semiconductor.

S10 * In contrast, let us consider the case
of doping with a trivalent B atom
with low valence.

S11 - When the B atom forms covalent
bonds with neighboring Si atoms, it
is one electron short for complete
bonding.

S12 + As a result, the boron atom attracts
other electrons.

S13 « The energy necessary for electrons
motion is considerably lower than
the for the

excitation energy

transition to the conduction band.



gdoo0oo0ooooouooooo
00000 Nagoya University 2010

15 - :@%?ﬁ%ﬁﬁi}tﬁg EAEE L:%}j%%é S14 - Upon gaining an electron, the B
ZENTEES, atom becomes negatively charged.
16 ZHnENY ]\if%éﬁ” L. o Conversely, after transfer of an
%LO)TE Ly‘_ﬂ( 0) _fé {4@7 Va electron to the B atom, a hole is
e LTS R (B) formed.
17> :/\ﬁﬁ %Fﬁ.a) %ﬁxm()\gz{y S15 + This hole can move relatively freely,
Mﬁﬁ’ AL A LT t00.
18 - EE}L M 2& Xy UT &5 S16 - Showing this on a band diagram, the
A %;)ZILV& %h(#:’;rﬁikb\b‘iﬁ” energy level in which electrons are

absence is called the accepter level.
S17 «- When an electron of the valence
band transitions into the accepter
level, a hole is formed in the valence
band.
S18 « A semiconductor in which holes are
the main charge carriers is called a

p-type semiconductor.
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Finally, we let us review the topics we
have discussed in this class.
First, electrons in an atom exist at
discrete energy levels.
The energy levels of electrons differ
between each orbital: s orbital, p
orbital, d orbital and so on.

The is

electron configuration

governed by the Pauli exclusion
principle, the Aufbau principle and

Hund’s rule.

+ Second, a crystal consists of many

atoms arranged in three dimensions.
Valence electrons participate in the
bonding. When bonding occurs,

atomic orbitals are combined to form

molecular orbitals.
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When many atoms are present in the
crystal, the molecular orbitals have a
nearly continuous range of energy
values, because of the difference in
energy between external orbitals and
internal orbitals. There are valence
band and conduction band.

This band structure which made of
interaction between atoms is specific .
The electrons in the band structure
are at the continuous energy level.
When there is no band gap, a crystal
is metal. And if band gap is large, a
crystal is semiconductor. But if band

gap is small, a crystal is insulator.

S10 - As seen above, the properties of a

crystal have roots in band structure.

. F%&ﬂ%’)(to separate) | & %%ﬁuﬁiﬁﬁo &%ﬁf@: =4

B (property) &1V 5 = & T,
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