2/27/2015

PHY 752 Solid State Physics
11-11:50 AM MWF Olin 107

Plan for Lecture 19:

Review of Chapters 1-10
1. Brief review
2. Discussion of some HW problems
3. Distribute exam
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9 |Wed: 02/04/2015 |Chap. 8 Electronic structure; LCAO and tight binding #9 02/06/2015
10 |Fri: 02/06/2015  Chap. 8 Band structure examples #10 02/09/2015
11 |Mon: 02/09/2015 (Chap. 9 Electron-electron interactions #1 02/11/2015
[12 |wed: 02/11/2015 (Chap. 9 [Electron-electron interactions #12 02/13/2015
13 |Fri: 02/13/2015  |Chap. 9 Electron-electron interactions #13 02/16/2015
14 |Mon: 02/16/2015 |Chap. 10 Electronic structure calculation methods #14 02/18/2015
15 Wed: 02/18/2015 (Chap. 10 Electronic structure calculation methods #15 02/20/2015
16 |Fri: 02/20/2015  |Chap. 10 Electronic structure calculation methods #16 02/23/2015
17 |Mon: 02/23/2015 (Chap. 10 Electronic structure calculation methods #17 02/25/2015
18 (Wed: 02/25/2015 (Chap. 10 Electronic structure calculation methods #18 02/27/2015

Fri: 02/27/2015  |Chap. 1-3,7-10 Review; Take-home exam distributed

Mon: 03/02/2015 |APS Meeting  Take-home exam (no class meeting)

[Wed: 03/04/2015 [APS Meeting _ Take-home exam (no class meeting)

Fri: 03/06/2015 |APS Meeting | Take-home exam (no class meeting)

Mon: 03/09/2015 |Spring break

-

\Wed: 03/11/2015 |Spring break
Fri: 03/13/2015 'Spring break
Mon: 03/16/2015
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Review Introduction to crystalline solids

+ An ideal crystal fills all space
o Limited possibilities for crystalline forms —
O Only 14 Bravais lattices
0 Only 32 crystallographic point groups
O Only 230 distinct crystallographic structures

Bravais lattice translation vectors
T=nT, +n,T, +n,T,

Reciprocal lattice vectors
G=nG, +n,G, +n,G,

T, xT,

T (Tz x Ta)

Note that: T, -G, =276,

G =271
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Specification of an atom within the lattice
=Ty, +tna +tmna, +na,
LW_J ( J
/

basis Bravais lattice
vector
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Short digression on abstract group theory
What is group theory ?

A group is a collection of “elements” — A, B,C,... and a
“multiplication” process. The abstract multiplication (-)
pairs two group elements, and associates the “result” with a
third element. (For example (A-B = C).) The elements and
the multiplication process must have the following
properties.

. The collection of elements is closed under multiplication. That is, if elements
A and B are in the group and A - B = C, element C' must be in the group.

2. One of the members of the group is a “unit element” (E). That is, for any
element A of the group, A-E=FE-A=A.

3. For each element A of the group, there is another element A~! which is its
“inverse”. Thatis A-A™'=A"1-A=FE.

4. The multiplication process is “associative”. That is for sequential
mulplication of group elements A, B, and C, (A-B)-C=A-(B-C).
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Example of a 6-member group E,A,B,C,D,F,.G

A K
Group multiplication table

Group of order 6 ii B A
[e[als[c[p]F &A

E|E|[A|B|C|D|F
A|I|IA|E|D|F |B|C A /g
B|B|F|E|D|C|A
C|C|D|F|E|A|B A @D A
D|ID|C|A|B|F|E
F|F|B|C|A|E|D

A KA
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E|A|B|C|D|F Check on group properties:

ElE|alBlC|D|E 1. Clt_)sed; multiplication table
uniquely generates group

e ||& | B(D|F)B | ¢ members.
B||B|F|E| D|C|A 2 Unitelementincluded.
C||C|D|F|E|A|B 3. Each element has inverse.
DID|c|A|B|F|E 4. Multiplication process is
FIlF|B|Cc|A|lE|D associative.

Definitions

Subgroup: members of larger group which
have the property of a group

Class: members of a group which are
generated by the construction

€= X;'YX, where X, and Y are group elements
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Group theory — some comments
» The elements of the group may be abstract; in
general, we will use them to describe
symmetry properties of our system

Representations of a group

A representation of a group is a set of matrices (one
for each group element) -- I'(A4),I'(B)... that satisfies
the multiplication table of the group. The dimension

of the matrices is called the dimension of the

representation.
27/2015 PHY 752 Spring 2015 -- Lecture 19
Example:

[efafBlc]p]F
E|E|A|B|C|D|F
AlAalE|D|F|B|C
B|B|F|E|D|cC|A
clc|p|F|E|A|B
D|(D|[C|A|B|F|E
F||F|B|C|A|E|D

Note that the one-dimensional "identical representation”
I'(4)=T"(B)=T"(C)=T"(D)=T"(E)=T"(F) =1 is always possible
Another one-dimensional representation is
r’(4)=T*B)=r*C)=-1
*(E)=T*D)=T*(F)=1
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Example:
E|/A[B|C|D|F A two-dimensional representation is
E|E|(A|B|C|D|F 1 0 1 0
3 3 —
A|A|E|D|F|B|C r (E)_[O 1] r (A)_(O 1
BIB|F|E|D|C]|A N .
3 2 2 3 2 2
C|C|D|F|E|A|B I‘(B)—ﬁ . r(c)__£ |
D|IDIC|A|B|F|E 2 2 2
FIIF|B|C|A|E|D 5 —% 73 5 —%
r’(p)= 5 r'(F)= s
2 2 2
71201 PHY 752 Spring 2015 — Lecture 19
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The great orthogonality theorem
Notation: /4 = order of the group
R = element of the group
I"(R),, = ith representation of R
o5 denote matrix indices

[, = dimension of the representation

S(M'®,,)T/R),, = ?5 5 5

§pavp
R i
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Analysis shows that

D IP=h

i

Simplified analysis in terms of the “characters” of the
representations

2R =STR),

Character orthogonality theorem

(7 ®) 2R =hs,

R

Note that all members of a class have the same
character for any given representation i.
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Summary of relationships between the characters
and classes of a group which follow from the
great orthogonality theorem

ZNe(li(e))*Zj(e) = ho,
e

S(#(@) 7@ =3,
‘ [

These results also imply that the number of classes
is the same as the number of characters in a group.
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Character table for this group:

E ABC DF
7 1 1 1
7 1 ¥ 1
7 2 0 il

Use of character table for analyzing matrix elements:

Suppose that it is necessary to evaluate a matrix element

<‘Pl\0\‘{12>:jd3r‘{’@%

=0if ) (I'(R)) T/(R)M(R)=0
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Matrix element example -- continued
(¥ [o]¥,)=[d're (r)ow,r)

—0if ¥ (I'(R)) T/(RT(R) =0
or YN(7(@) Z@r @)=0

"3 31 3

Initial  Operator Final
state state




Use of character table analysis in crystal field splitting
Question:  What happens to a spherical atom when
placed in a crystal?
In a spherical environment, an atomic wave function
has the form:
¥, () =R, ()Y, ()
withm=-1,-1+1,...0,1,...., —1,] 2/ +1 values

The group which describes the general rotations in
3-dimensions has an infinite number of members,
but an important representation of this group is the
matrix which rotates to coordinate system about the
origin &, transforming Y, () — Y, (F".

It can be shown that:  RY, (F)=T", (R)Y,,(F)
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Analysis of the 3-dimensional rotation group -- continued

RY,, (F) =T, (R)Y,,.(F)

mm

!
27 (R)= 3T, (R)

me—1

Note that for R corresponding to a
rotation of ¢ about the z — axis,

L (R)="5,,

mm

, Lo Sin((I+3)4
:Z(R):”;/e ézi(sfn(g)) )

Note that the character for inversion is y'(J) = (2 +1)(-1)’

sin((/+1
and '(JR)=(-1)' M

s1n(7)
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LRIE 3ce 6Ci 6C: 8C:  J  3JCe 6JCi 6JCy 8JC,
ot 11t 11 11
Ty 1 1 -1 -1 1 1 1 -1 -1 1
T |2 2 0 0 —1 2 2 0 0 —1
5’ |3 —1 1 -1 0 3 -1 1 -1 0
Ty |3 —1 —1 1 0 3 -1 -1 1 0
|t 1 1 1 1 -1 -1 -1 -1 —1
Ty |1 1 -1 —1 1 -1 -1 1 1 -1
T |2 2 0 0o -1 -2 =2 0 0 1
Iy (3 —1 1 -1 0 -3 1 -1 1 0
Ty |13 —1 —1 1 0 -3 1 1 -1 0

=0 1 1 1 1 1 1 1 1 1 17

=13 -1 1 -1 0 -3 1 -1 1 0r,
=2 5 1 -1 1 -1 5 1 -1 17 -1
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Linear combinations of atomic orbitals (LCAO) methods
4 for analyzing electronic structure

I
/

J &

Bloch wave:
Yo (r)=e""u, (r)

h

I N

B
,!_ periodic function
ol
e LetR =1"+T
I. lattice translation
basis vector
Bloch wave identity: LCAO basis functions with Bloch symmetry:

nlm

W (r+ T) =" (1) oy =3t g, (r-v - 1)
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LCAO methods -- continued — Slater-Koster analysis
LCAO basis functions with Bloch symmetry:
nlm k(4T a a
o (1) = Y g, (r-v0 - T)
T

Approximate Bloch wavefunction:
¥ 0= Y XD )

a nim
In this basis, we can estimate the electron energy by variationally
computing the expectation value of the Hamiltonian:
ECAIEN!
R L
“ (Yl

Terms in this expansion have the form:

;em (v—et) <¢,f’,/,m‘ (r B ‘r")‘ Hlge, (r o T)>
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Terms in the expansion have the form:

Ze'k (1) <¢“”,,,m‘ (r - Th)‘H 8 (r -1 —T)>

Example

For nearest neighbor contributions:

(elk‘u_*_eflfx\u+el’\ia+eﬂkiﬂ+elk:u+e*lk_,u)ﬁ:

(2cos(k)a)+ 2COS(kva)+ ZCos(kza))/)’
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