PHYSICS 140A--SOLID STATE PHYSICS
WINTER QUARTER, 2015-16
SYLLABUS
Instructor: Professor Charles S. Fadley, Physics 241
Office hours: 1:30-2:30 Tuesdays and Thursdays, or by appointment
E-mail: fadley@physics.ucdavis.edu (best way to get through)
Telephone: 510-334-8567
TA: Tanat Kissikov, Physics 231; E-mail: tkissikov@ucdavis.edu

o Course website: http://140a.physics.ucdavis.edu . Regularly updated throughout the quarter.
o Class meetings: Tuesdays and Thursdays, 10:30 AM - 11:50 AM, 140 Physics

o Textbooks

-- M. Ali Omar, "Elementary Solid-State Physics", Revised Printing, Addison-Wesley-Longman, 1993. Primary text

for lecture, reading, and homework problems. Clearly written, although older. Out of print, but can be purchased

in international edition for $18.50 from:
http://www.valorebooks.com/textbooks/elementary-solid-state-physics-principles-and-
applications/9780201607338

--H. Ibach and H. Luth, “Solid-State Physics: An Introduction to Principles of Materials Science”, 4t edition,

Springer, 2009. Much more up-to-date and advanced. Will be used for some reading assignments as well.
Available as a free download from the Library or at the course website for UCD students, or in paperback for
about $50 or less.

o A couple good websites for viewing crystal structures, with others as we go along:
http://www.dawgsdk.org/crystal/
http://www.fhi-berlin.mpg.de/KHsoftware/Balsac/pictures.html (A downloadable program for creating
your own structures)

e Course grading: Based on the following breakdown--

Graded problem sets: 25%
Midterm examination 25%
Final examination 50%

100%

Exam crib sheet: You may bring in one 8.5" x 11" sheet with important equations and results written on it to both
the midterm and the final.

o Tentative syllabus: Readings below are mostly from Omar, but complementary reading from Ibach and Luth
will also be assigned throughout the quarter. Copies of viewgraphs and other supplementary material will be
posted at the class website and will be an important component of study for the course and exams.

Week Dates Topic [Reading: O = Omar, IL = Ibach and Luth]
1 1/5-117 Course intro., Crystal bonding and structure [O-Ch.1, App A1-
A8; IL-Ch. 1]
2 112-1/14 Crystal bonding and structure (continued)
3 1/19-1/21 Diffraction in Crystals [O-Ch. 2]
4 1/26-1/28 Diffraction (continued)
5 2/2-2/4 Lattice vibrations [O-Ch. 3]
6 2/9 Midterm Examination
2111 Lattice vibrations (continued)
7 2/16 Lattice vibrations (continued)
2/18 The free-electron model [O-Ch. 4]
--Approximately here, optional tour of Lawrence Berkeley National Laboratory solid state research facilities--
8 2/23-2/25 The free-electron model (continued)
9 3/1-3/3 Energy bands in solids [O-Ch. 5]
10 3/8-3/10 Energy bands in solid (continued)

Final 3/19, Saturday Final Examination: 10:30 AM-12:30 PM, Physics/Geoloqgy 140




Some properties of solids/condensed matter

Hard—>soft, ductile
Conducting—>Semiconducting—2 Insulating
Superconducting: current with no voltage!

Magnetic: Ferromagnetic (... TTT7T...), Anti-
ferromagnetic (.. TV T ..), ...

Piezoelectric: ->

No V V, V,

Surprising/”Emergent” properties: Complex
mixtures or multifayer nanostructures or
nanoparticles

And much more...
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Nobel Prize in Physics 1987: Bednorz
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superconductivity in ceramic materials




Insulator

Conductor/ IDEG
Superconductor
“2D electron gas”

Insulator

Emergent properties at interfaces
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Strange electrons in simple materials: graphene

Tl lan e 1t

e e e e e

OOO0OD!

Photoelectron spectroscopy

E(k)=C|k|

A Dirac particle
b
Electrons

55

Nobel, 2010

The Nobel Prize in Physics 2010:
Geim, Novoselov, for groundbreaking
experiments regarding the two-
dimensional material graphene” Bostwick et al., Nature Physics 3, 36 - 40 (2007)
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The IT workhorse:
the metal-oxide-semiconductor field-effect transistor (MOSFET)

I Metal contacts Insulating layer

\ _. Electric field from gate pushes away p-type “holes” and
attracts/allows electrons from n-type inserts into channel.

& Oxide
~1.5 nm

~1nm =10 A ~ 5 atoms
Source

P-type substrate

Nobel Prize in Physics 1956:

Shockley, Bardeen, Bratain, for 92 nm E Ci‘%“ﬁ‘:rt
their researches on 12 nm -
semiconductors and their 10 nm n-or p-

discovery of the transistor effect 7 nm (soon) type



Transistors keep shrinking->Moore’s Law
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And the Shrink Goes On...

3511 Process
Technology

.25.1 Process
Technology

High-k + Metal Gate Transistors

HE+MG
Transistor

Metal Gate

* |ncreases the gate field effect
- Low resistance layer

Metal gate
.--"’Fr#ﬂ

High-k Dielectric
* Increasas the gate feld effect

oy R
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Cross section of a MOS transistor. Electron
tunneling through the gate oxide (left inset)
and high-concentration dopant interactions
(right inset) are posing fundamental limitations
to continuing historical transistor scaling trends.

*90 nm — 2004
*65 nm — 2006
*45 nm — 2008
*32 nm — 2010
*22 nm — 2012
*14 nm --- 2014
*10 nm — 2016

7 nm — est. 2018
5 nm — est. 2020




Current SiO, gate oxide
thicknesses in the 1 nm
range > with high-k
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Fig. 2 High resolution TEM cross section of 1.2nm
Chau et al.,

INTEL physical S10, gate oxide at the 90nm logic technology
node. = 65 nm technology = 45 nm = 32 nm-=> 22 nm->14 nm->...



Transistors keep shrinking->Moore’s Law
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“Moore’s Law” for magnetic storage
Now 170 Gbits/in? = 20 Gbytes/in?
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) . . the years. The blue region indicates the superparamagnetic
journal/sjl422/grochowski.html Physics World,

regime, below which thermal fluctuations at room temperature
Jan ‘99 could alter the orientation of magnetic bits.



Some key elements in
Spintronics/Semiconductors/
Sensors—multilayer

nanostructures

andom Access
RAM-Non Volatile)

maghnetic

. Magnetic
_ metal/oxide M?mory Cell
Giant change in resistance~> , Size <1jm
Write
much smaller read heads Line

Nobel Prize in Physics 2007: Fert
and Griinberg: for the discovery

of Giant Magnetoresistance e Current




Multilayers and interfaces in information and energy technology

Transistor
Gate Gate
oxide terminal
Drain
lerminal

The electrochemical
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Flow
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The photovoltaic cell

A photovoltaic cell generates electricity when irradiated by sunlight.

Light energy

Anti-reflection coating

N-ype silicon. — g ole @
P-type silicon — HE BHE Photovoltaic




1959 — Richard P. Feynman
“There’s plenty of room

at the bottom”

“Why cannot we write the entire 24 volumes of the Encyclopedia
Brittanica on the head of a pin?”

It would be possible if you could print it with dots (= bits) that are 8
nanometers or about 32 metal atoms across, containing about 1000

atoms, or a cube 10 x 10 x 10 atoms

+ Many visionary ideas:
Miniaturization of computers
Imaging and manipulation of single atoms or
molecules -»—
http://www.zyvex.com/nanotech/feynman.html



Writing with single atoms—30 years later

Piezoelectric -2KL
Scanner Ixe

o)

:;’ Schematic view

LN T L

1989--IBM, written with single xenon
atoms, using a scanning tunneling
microscope, but too slow for real data

storage—so far



graphene sheet

source
electrode

drain
electrode

Single-wall
nanotube

A carbon nanotube
transistor

Nanotube end view
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A Look at the Future--

Condensed Matter Physics—The Science of the World Around Us

»How Do Complex Phenomena Emerge
from Simple Ingredients? >

ED m D Em {*j [ﬂ - r'lﬂ ,ﬂlTl EFi' Strongly correlated materials

I > How Will the Energy Demands of
AND w] ’&TEHMLJ PH n Smt‘ Future Generations Be Met? >
The Science of the World Around Us

Solar cells, fuel cells,...
» What New Discoveries Await Us in the
Nanoworld? >
Surfaces and interfaces,
novel nanodevices
»How Will the Information Technology
Revolution Be Extended? >
Nanoscale logic and memory,
spin electronics ="spintronics”
» What Happens Far from Equilibrium
and Why?-> Many nanoscale systems
> What Is the Physics of Life? >
Biophysics
Publisher: National Academies Press

Pub. Date: December 2007
ISBN-13: 9780309109697, 286pp
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The Hydrogenic Atom I Quantum mechanically:
Schroedinger Equation: : '
I

Spherical Polar Coordinates . rsine dd
A
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o Use sePARATION 6F VARIABLES @
V(r,6,8) = Re-) @) Pcp) [O(0) =F(0) & D(P) = g(d) in text ]
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The atomic orbitals:

TABLE 6.1

5— Comeeix, \¥F wmzt 0

Y/m/ (81 ¢) =

" spherical harmonics"”

But we can make them real for conxenience

NORMALIZED WAVE FUNCTIONS OF THE HYDROGEN ATOM FORn = 1,2, AND 3* (@ ®4 ® INDMM
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*The q‘"uantity ay = 4regfi?ime® = 5.3 x 10~ m is equal to the radius of the innermost Bohr orbit.

W\_—V—-—J

IS Jamg FORL
MANYM € ATV NS

CHANCES PO
ManYy €7 ATemS

ema, 5 g-Zrina, for hydrogenic
Z—Z «(r) in many-e- atoms




And for a hydrogenic atom: atomic no. Z, one electron

Y100 =

38
1 (E) e =Zrlag
\/ ay

34
Y200 = —1‘“( Z) (2 - 2)3 L

g
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These are written in terms of the parameter
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MR 123,
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MALING THB ATomMic ORBITALS REAL (&.G.,
FOR CHEMICAL Donbd/NG)"
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And the same thing for the d orbitals:
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The real atomic orbitals, through 3d
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n/m/

The ‘atomic orbitals:

TABLE 6.1

NORMALIZED WAVE FUNCTIONS OF THE HYDROGEN ATOM FOR n = 1,2, AN

.(r,0,9,spin) =

¥orm, (150, <P)X[G(T) or B({)]

Wth

5—» ComeLix, tF £ 0

But we ¢

Yim, (0,9)=

" spherical harmonics

X

make them real for convenience
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*The quantity a, = 4x¢;fiZme® = 5.3 x 10~"" m is equal to the radius of the innermost Bohr orbit.
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What properties do wave functions of overlapping

(thus indistinguishable) particles have?—electrons as example:
S
Py g

-

PR
+Ze"r g o™
5 M ’.,,e\, :
v =y(F,S,;F,,8,), including spin of both electrons
But labels can't affect any measurable quantity.
E.g.— probability density :

|'//(E1,§1;F21§2)|2 = |'//(F2’§2;F1’§1)|2

Probability of finding two

Therefore |
O S = Lz o= electrons at the same point in
w(r,s,;r,,s,)=x1y(r,,s,;r,,s,) - p
P space with the same spin (17 or
=Py (r,8:517:8;) L) is zero: “the Fermi Hole”
= —_ (_.\_. //—\\\
with P,, = permutation operator — r,,s,;r,,S, // T N
. | e - \
and eigenvalues of +1 ez'T L1 y

Finally, all particles in two classes :
FERMIONS : (incl.e”"s): w antisymmetric

1735 ~
s=135 Py =1
2 2 2 12'// '/, —
BOSONS : (incl. photons) : y symmetric —the Exchange Interaction

~ ’ t -
s=01,2,.. Py =+1y —Hund’s 15! rule & magnetism




The Fermi hole or Exchange/Correlation Hole as seen in theory-silicon

atom:
™ ordd ™ ord? Total
(a) (b)

-0.005
-0.015
0.025
-0.035
0.045

Density (ap)™

X/ag 2o 6

FIG. 1. The same spin (a), opposite spin (b) and total (c¢) exchange-correlation hole about a spin-up particle located at 1.4 ap
from the atom center on the x axis (parallel to the p orbitals) for the ground state of the Si atom in the L, =0 projection. The
surface plot shows the change in density along a plane cutting through the origin along the x and z axes.

Fong (UC Davis) et al., Phys. Rev. A 62, 062507



Antisymmetry and the Pauli Exclusion Principle:

Try Helium, 2 electrons in ground state 1s wave functions, “1s?"

Simple normalized antisymmetric trial wave function is
w(F;,$,;F,,S,)

- %[(013(?1,51 1 )pr(F,8, =b) = 0,0 (.5, =), (), =1)]
interchanging labels via permutation or P, gives
Pap(73,i7,8.) = (Eu8.775,

- %[co,s(fz,éz )91 (F &, =4) - 0,0 (F,, 8, =), (F,,, =1)]

=-y(r,,S,;r,,S,), as required

Can’t tell which electron is spin up--indistinguishable

Also, if we try to put both electrons in 1s with spin-up (T), first term

always cancels second term, and = 0! Therefore, we have the Pauli
Exclusion Principle !!!->



Intraatomic

electron screening

in many-electron
atoms--a self-
consistent Q.M.
calculation

Plus radial one-

electron functions:

Pn/(r) Ear/(r)

,S'mluu PoraumaL +BindiNG ENBRCIES
(eV, Lo & SCALE)
2

Eb (yg)= 40eV
(’iqs= ¢.SeV)

Ep(3p)z 16.2&¥
?3’(') - £39 = 90.5€V)

; EpQ3d)= %oV VALENCE
' ‘-Ga‘s 13.4 €V)

)

:,,,".} V;“ e z‘&' v)

:2% = Scaeenen ATemic PoTENTL  04pE

)

]

|

Ep(3s)=1722.5V
(-833 =136. BCV)

EFescrive POTENTIAL & BADIAL
WAVE BUNCTVONS OF ATOMIC. CoPPER
?nﬂ)i ln&‘\‘)'f
g ,E.czp)z va.3¢V
2p'’ (-l:.,s 9¢2.2.€VY)

Cl: is*2s" 2'?“"

_ Ey(2s)= 1,017V 352334 yst
Pl (-8, = Sva3 &V) <% L=0
\afsl
= CoPPER

(-gg=8,9v3 V)

RADILS ¥ (Bohv=0.5298)
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PBIGURE 7.13  The sequence of quantum states in an atom. Not to scale,

not occupied by any
ground-state electrons
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1) 2007 Eneyclopzedia Britannica, Inc.



TRANS ITIOANL METALS

H' He?
slv Periodic Table, with the Outer Electron Configurations of Neutral P' P" P3 Pq -Ps ‘
I Atoms in Their Ground States IQ‘P
Li* Be' The notation used to describe the electronic configuration of atoms B* c* N’ 0" Fe Ne'
and ions is discussed in all textbooks of introductory atomic physies.
) The letters s, p, d, . signify electrons having orbital angular . N
23 2 momentum 0, I, 2, _in units 4i; the number to the left of the 25"2p | 28*2p* |25*2p* | 25 72p* | 25°2p°| 25°2p°
Na'' | Mg* Jetter denotes the principal quantum number of one orbit, and the { gy Jgjre pis g ci't 1Ae
superscript to the right denotes the number of electrons in tht, orbit.
1 ;2 3 ¥ ,8 46 47T ,8 4o
3s 3¢’ ‘ A d d d d d. d 3s%3p {3s*3p* | 3s°3p | 3s°3p " | 35*3p* | 3s*3p*
K? Cam{ 8¢ | Ti®¥ V*:; r Mn?* | Fe?t | Co* | Ni* u’ Zn® | Ga” |Ge™ JAs™ |Se™ |Br* |[Kr*
3d 3d* | et B3d° @ 3d* | 3dt § 3d° 3d* B3d! 3d*
4s 447 45’ 45" 45* 4s 45 452 4s* 4s* 8 4s* | 4s'4p |4574p? |45 4p  f4stdpt | 45%4p 457 4pt
Rb" S VA 2re Nb*! 0 ¢t Ru* Rh** Pd* Agh Cd-l.'( In'¢ Sn50 Sht Teb R Xe*t
dd 4d? B 4d* Wa4d R4 BW4d’ @W4d" 4d ' Wad @ 4d™
5¢ S 58 557 § 5s S8 S5 ' 5 - 5 557§ 58%5p | 5s75p% | 55" 5p | 5875 | 5¢5p° | 5575p*
Cs* | Ba*™ | La* | Hf? | Ta™ | W* | Re™ | Os™ RIr” Pt™ u™@ Hg* | I Pb* |Bi* |JPo* [At™ |[Rn"
4lt'3-|
5d 5d* | 5d4* } 5d4* | 5d* | 5d° @5d4° B 5d° @W5d'W 54"
bs 6s* 6s* 6s | 6s* |65 | 657 657 Q- bs 6s* | 65°6p | 65*6p?|65*6p*| 65*6p*|656p* | 6s*6p*
fr {Ra™ | Ac® |\ 7 . 7 e & _Lﬁ,. « e m
Ce™ { Pr3* | Nd*® | Pm® | Sm® | Eu*® | Gd** | Tb* | Dy* | Ho®*" | Er®* | Tm** | Yb™ | Lu™ m
. Gd 4[“.‘ 4"1 4j| 4}‘3 4fﬁ 4{‘: 41‘7 4]?3 4}'10 4]‘" 4{!2 4)(‘13 4f‘l! 4f”
78 73 y Ko 5d 5d 5d *ms
6s* by? 6s? 6s* ’ : Hs* 6s? 6s? bs? 6s? 6s?
D: Elqtﬂons g Th*® § Pa*  U® Np*? % Es® | Fmo{ Md*® { No’*z } Lr'® m'.
5 5f° sf* :)f“ 3f7 57
s ELCE PT! QN‘ b(l‘ 6d | 6d 6d loes
: 7 Ts? 7s* 74* 7s? 75* :

s Ap,
>d74 A"y, nuu/ru.ub MonE STABLE
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The quantum mechanics of covalent bonding in molecules:

H,* with one electron

Q.= (Dantibonding
= P1sa = P1sb

Py = (Dbonding
= ¢1sa + Q1sb

Total \ %
.

Energy

“‘(Dantibonding

.

Binding
energy

* -
Equilibrium
separation =R

FIGURE 10.2 The net poten-

tial energy curve, showing the

equilibrium  separation and

binding energy.



Bonding in H,*:

a linear combination
of atomic orbitals
(LCAO) or tight-
binding (TB) picture

The bonding state

. AToMIC
. ORBITALS
(ao's)

MoLECuLaAR

ORBATAL
(no)

AS ULINEAR

ComB, 6F Ac's

-

Vi
v
“BondINGg
¥s
—— R
\ P
|
v
A |
|
|
¥s
a\ R /b
7 \ /
v
W/
\./ Yyt (18)

/ Egb” - \!i'ls,b

(b)

(e)

(d)

contours of
electron probability

®
@ @

H

.

FIGURE 8.5 The combination of two hydrogen-atom 1s wave functions to form the symmetric H,+ wave
function ¥s.



Bonding in H,™:

a linear combination
of atomic orbitals
(LCAO) or tight-
binding (TB) picture

The anti-bonding state

contours of
eléctron probability

(e)

FIGURE 8.6 The combination of two hydrogen-atom 1s wave functions to form the antisymmetric H,+ wave
function ..

e+ (29) !
R=0 r
¢



Boneiihg in H,*:
a linear combination
of atomic orbitals

MOLECULES 289

e2

v 144
P 4me,R R(A)

(eV

)

)
(LCAO) or tight- V, = Proton potential energy
blndlng (TB) pictu re 30 Eg= E!ec_tron energy (symmetric state)
Eg"%= H,' energy (symmetric state) = BonDINGS
The energies involved 20 E4 = Electron energy (antisymmetric state)
= Hy energy (antisymmetric state)e ANTI-BOMDIN G
10
> — = -
9 4 1.06x100m » ——
> 0 v [ ! L o
(2)’e® « | 0.2 0.3 0.4
E(He™2p)=- 7 W J, nuclear separation R, nm
8mre a,(2 E Etotal Y, 0.1 | total energy of isolated
13.6 eV v -10-° | | hydrogen atom
= — .0e e : . — .. # 5
He @)-—13.6 N === vewe H(4¢)
ﬁ@' —16.3(~= > ~gE——— <> proton
W= 20 g, v» ~SER
+ Corrected = x/,;* “ ok
bond energy = 2.65 eV ..
—-30}
1)%e’?
E(H1s)=——(1) _=-13.6eV
—40}- Eg 8me,a,(1)
2
(2)’e _
E(He'1s)=— ‘ .
—_54.4eV e 198 = 484
FIGURE 8.7  Electron, proton repulsion, and total energies in H,+ as a function of nuclear separation R for
the symmetric and antisymmetric states. The antisymmetric state has no minimum in its total
energy.




2 electrons:

M. MOLECULAR ORBITAL DRAWINGS . 61
The linear _
combination of 1-Hydrogen H Hb Symmetry: Deo
atomic orbitals
(LCAO-MO) i .
or tight- Aﬂtl-BOﬂdng
binding MO ~
picture for H,: Panti~ = P1sa = P1sa
e positive
(unqCCUPleay 10, €= 0.2656 a.u.=+7.21eV
e negative
(occupied)

MO ~
(Dbonding = P1sa + D1sa

104 €=-0.5944 a.u. =-16.16 eV
(Compare — 13.61 for H atom 1s)



The LCAO-MO or tight-binding picture for CO: _Atomic orbital makeup

15. Carbon Monoxide Symmetry: Ceor Vg MO ,. — Z C AO ,. _ R?
o, Tidise s o) (F) o P (F= R, )
:, . aeme ‘ A . i
G IsoconTours Orbitals i

UnNoCcCurInd

T — W — — — . — — - ng

“Bound %
OCcurIED

|
or |§;|* :
£‘= + ~ ANTI = I
BeadinG |

T : o 29
UNBOUND 4 K (%,9) :
i

. — ————— T

i BonDING S

ToNDING
T ~, . A

xa) 17,

¢5,6)
NON/wEAKLN

<
1,

17 @s=0.6395

BeNDING Y&
1,-:' .m-" (%)
CORE: , .\ /“' " NON/WEAKLY
00 : (01 (Cls) 36 46 gor 56 2= Bewows 36
e R ——— @A)
‘€ 8¢ f4e oo -
Chemist’s picture ° Cia(zcions

(no core): 2 ""“@“‘
X Xoo °
XCxooO. " 015(4?025
1 8=~ 2000 .. L 1a.u.227.2&V)



Face-centered cubic
(e.g. Cu)

Diamond
(e.g., C, Si, Ge)

Basis

Basis

Ordered packing of
atoms in solids

Good websites/downloads
for simple structures:
http://www.dawgsdk.org/crys
tal/en/library/fcc#0002

http://demonstrations.wolfra

m.com/CrystalViewer/

Tetrahedron

And another website for
various structures, orbitals,
etc:
http://www.chemtube3d.com/
solidstate/ simplecubic(final)
:htm




Intraatomic
electron screening
in many-electron
atoms--a self-
consistent Q.M.
calculation

Plus radial one-

electron functions:

Pn/(r) Ear/(r)

Eb (yg)= 40eV
(’iqs= ¢.SeV)

,S'mluu PoraumaL +BindiNG ENBRCIES
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2
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Metallic bonding, e.g. Ni and Cu, with 4s electrons highly delocalized and mobile

H 2n 48
ﬁ Ni 4s%3d First 3 nearest neighbor distances
|r-| 1'2 |r3 .
3d,, . l l Wys = Cexp(iker)
S
~ 2
: / P E, =~ /7k’/2m,
2
£
<0
1 L : I .
05 1.0 15 20 25
r(A)

Fig. 1.9. The amplitude of the 3d..-wavefunction and the 4 s-wavetunction of Ni [1.4]. The
half-distances to the first, second and third nearest neighbors (r,r, and r3) are shown for

compa rison
Electron density in copper

DODDD..
r®'®'®'®'®'
o LADBDDDD.
STHHDHD




13332

76.9

1137

365.3

Table 1 Cohesive Energies® of the elements

Energy required to form separated neutral atoms from the solid at 0°K; the
values in parentheses are at 298.15°K or at the melting point, whichever
is lowey. To obtain the energy in | mol™?, multiply the energy

tem

in keal mol~1 by 4.184 = 103. To obtain the energy in ergs per atom, multiply

the energy in eV per atom by 1.6019 X 10~12,

He

134,

0

e
(114)

(60)

20) |o.4s

#1002

Ci

@322 | 1.85

Ar

0.080

Ca

I }1.82513,

42.1

Ti

| 48551 530711 410 2.9
112

v Cr Mn Fe Co Ni Cu

07 [ 2.8 | 4297 V4387 | 4435 ) 350 | 1:357 | 2787 | 3.
0§ 122. 94.5_ 68.7 98.9 101.2 § 102.3 | 80.8

232
49.2

Br

122 -f0116
(28.2) | 2.67

Kr

Sr

@.nf1

Zr

16316 | 7.47.71 6810
145.

Nb Mo | Tc Ru Rh Pd | Ag

7

Te

Xe

(42.8)

2867 )4

Hf

1 6:357:| 8,089 | 866|810

126, | 1866 | 200. | 187. | 187y | 160. | 1350 | 87.3

Ta w Re Os Ir Pt Au

(0-594) :

(16.0)

At

10 |89 |72 | 486 |415 | 954

Eu Gd

volasocfanas

b

43

94

Dy

71

Th Pa U Np |Pu Am |Cm

Bk

Cf




lonic solids—another limit: e.g NaCl

Cl- 1s? 2522p®3s23p°

ot 15225220 a = 5.64 Ang.

Nobel gas configuration ions, with long-range point-charge
Coulomb attraction or repulsion, plus
short-range nearest-neighbor repulsion:

r

2 _n
(+or-)nge”  jo [or B/r",n ~6, Ibach and Luth |

4mre.r.

V= vCouI + vRep = Z:o:»,



lonic solids—another limit: e.g NaCl

Cl- 1s? 2522p®3s23p°

Nt 1s22e2a0t a = 5.64 Ang.

About 5-7 eV per
ion pair

Nobel gas configuration ions, with long-range point-charge
Coulomb attraction or repulsion, plus
short-range nearest-neighbor repulsion:

2
» (+ or-)n.q.e

V=Veou +Vaep =D, +Ae ° |:or B/r",n ~ 6, Ibach and Luth:|

Rep — &ii=t 4pmer, .
as e.g., for NaCl: A=1.05x107erg, p = 0.321 Angstroms 005\’0(\
@)
2 _(a/2)(Ang.) (\g
V= _€ _i+ _L +1.05e 0321 066\\)
4rre, 3/2 \/3% //N\
-G
eZ 8 _(a/2)(Ang.) e2 _(a/2)(Ang.)
= -6+ ———...|+1.05e 031 —_ [1.7476]+1.05e 03
2me,a J3 2mre,a



Electronegativities of some elements

1.3 Ionic Bonding

Table 1.2. The electronegativity of selected elements [1.1]

11

H

2.1

Li Be B C N . O
1.0 1.9 2.0 2.5 3.0 3.5

Na Mg Al Si P S

0.9 [.2 1.5 1.8 2.1 2.5

K Ca Sc Ge As Se

0.8 1.0 1.3 1.8 2.0 2.4

Sr Y Sn Sb Te
LEAST | 0.8 1.0 1.3 1.8 1.9 2.1




Charge distributions in ionic and covalent bonding

TONLC ¢

COVALENT !

Fig. 1.8, Density of valence electrons in a
typical ionic crystal (NaCl) and in a
typical covalently bound crystal (Si) [1.2,
3]. One clearly sees the concentration of
charge along the bond between Si atoms,
whereas in the ionic bonding, the elec-
trons are almost spherically distributed
around the ions

12

)

1 Chemical Boncing in Solids

=
=

Il

+Na*

i

LoSS oF

®” CVAALE
PELAT\WE
s AT
DEWSITIES

T EAIN) oF
[ A YT
RE LTV
™ avonl
PRuTTRS



Buckyball
CovVALENT |

ﬁ Cz Fig. 1.5. The structure of Cy,
: buckq bald"
4
W S,
{ullevenes

Fig. 1.6. The two structures typical
ionic bonding in solids: a NaCl struct
b b CsCl structure




Covalent and Van der Waals Bonding in Graphite

Figure 15.17

Crystal structure of graphite (not to scale). The distance
between the top and bottom planes is almost 4.8 times

the nearest-neighbor distance within planes.

VAW DEN WAKLS



Covalent and Hydrogen Bonding in Ice

Figure 19.11

The crystal structure of one of the many phases of ice. The
large circles are oxygen ions; the small circles are protons.
oV, Ice is an example in which hydrogen bonding plays a
B o crucial role. (After L. Pauling, The Nature of The Chemical
Bond, 3rd. ed., Cornell University Press, Ithaca, New
York, 1960.)

5=

}— Hydrogen

5+ bond

Polar covalent
bonds




Hydrogen bonding in DNA

Thymine
Adenine
5'end o-
0-.p 3'end
OH
0
0. O
NH 2----0, \jfﬂro
3 >‘§,7;
0, N N
0---H2N
o, 9-
Phosphate- b oHan \74,0
deoxyribose “=< N g
i e N
Ve G A
[¢]
o O9-
¥
0§P<o : o.«”“}/ﬁ \0”-0
7 ( | NH* N
0 N— ’g
TJ Hz_.,.() 0
d -
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3'end Cytosine [~°

Guanine 5 end



Energy

Bonding in solids/solid-state devices
as an extension of that in molecules

E
Diatomic—E.qg. [Li 1s22s], —6 electrons
Anti-Bonding
2s(valence)
Bonding
1s(core)

Separation of atoms



E

Energy

Bonding in solids/solid-state devices
as an extension of that in molecules

Anti-Bonding

Bonding

JDiatomic—E.g. [Li 1s22s], —6 electrons

2s(valence)

1s(core)

Separation of atoms

E
| Multi-atom solid—E.qg. [Li 1s22s]y

Unpaired! N atoms—>3N electrons
Magnetism? Anti-Bonding

Energy

Band” of 9(valence)

.
s M, e

e -

e, .
it =
i ¥ e

e e

Separation of atoms

Example: N =11: 22 e in 1s-derived
11 e in 2s-derived



Figure 11.6 Possible band
structures: (a) a conductor with
an unfilled valence band, (b) a
conductor with overlapping va-
lence and conduction bands (a
semimetal), (¢) an insulator due
to its large band gap, and (d) a
semiconductor (due to its small
band gap).

The types of band structures-by

conductive behavior

Unfilled

Gap
Unfilled

Filled
band
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Conductor
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EF Overlapping '
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valence band)

Spin-down Spin-up
Ferromagnetic

Conductor

(The exchange interaction)

Semimetal
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(c)
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(large band

gap)

Er

(f)

lonic solid:
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atomic/ionic
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