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

Plan for Lecture 20:

1. Discussion of Mid-Term Exam
2. Course topics
3. Electronic transport

(Marder Chapter 16-18)
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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
19 |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
120 |Mon: 03/16/2015 #19 [03/1812015
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1. Consider the group C corresponding to the following transformations of a general point

Tyz, YTz

gz, and 77z or equivalently the identity (E), rotation about the z-axis by 90°

(C4), rotation about the z axis by -90° (C), and rotation about the z-axis by 180° (C5).

(
(

) Find the multiplication table for this group.

) Find the classes for this group.

(c) Verify that in terms of the classes Cy, Ca, C3, Cy. the character table for this group can
be written as follows. ( s you find with the C; labels.)
C C C C
i 1 1 1 1
2 1 1 -1 -1
s 1 -1 i i
a1 —i i
(d) Analyze the spherical harmonic functions Y, (0,¢) for [ = 0,1, and 2 for this group and

find the “compatible” representations.
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Group multiplication table:

| XYz YXZ Yxz Xyz
XVZ|xyz yxz xz Xyz
y)_CZ Xz Xyz Xyz YXz
J_/XZ yxz Xxyz Xyz yxz
@Z Xyz yxz yxz Xxyz

Note that group is abelian.
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xyZEE =0 0 0 180 90 -90
yiz=C, =90’ G & G G
Fz=C', 6=-90" Ye
Tz=C, 0=180°

1 -1 -1
i

=
e
|
—
-

1
3 -1 1 1
5 1 -1 -1

T
N 2O

Recall that the character for

rotation of spherical harmonics /
Projection of rotation representations

by angle 6 is:

onto representations of 4-fold group:

2 (0)= sin((1+4)0) #@=3ex (@)
1 . =)
sin(0/2) where =¥ (7(©)

e

()

3/16/2015 PHY 752 Spring 2015 -- Lecture 20

2. The following band structure diagrams are taken from the literature. For each case, find the
approximate location of the last occupied energy level and explain your reasoning,

(a) The following band structure is for the valence states (3s3p') of Al in the fec structure.
The figure is taken from a paper by Walter Harrison, Phys. Rev. 118 1182 (1960)

g Need to
g, accommodate 3
£o electrons; 1.5

o bands

T

Fi6. 2. Energy versus wave number along various symmetry
lines, obtained using a four-OPW_approximation and fitting
Heine’s values at W. The curves T'X were obtained using only
two OPW’s, giving risc to the discrepancy at I' on the left.
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(b) The following band structure is for the valence states (6s26p3) of Bi in the so-called AT
structure which a distorted cubic structure with two atoms in a unit cell. The Figure is
taken from a paper by Stuart Golin, Phys. Rev. 166 643 (1968). The author has
indicated the Fermi level on the diagram. You should explain the reasoning behind this
location and indicate whether the material is a metal or insulator.

Need to

os]
& accommodate
z, 10 electrons;
5 bands

T oWy

muth alon variou s and planes. [The ition L4 i perpendi igonal axis (Asis
terpreting unneling measurements. See C. B. Duke (private commonication); sce aso D. J. Ben-

Fio. 2. The
on that axis) and Js of interest
: Letters 14, 902 (1965).]

Daniel and C. B. Duke, Phys. R
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(c) The Following band structure is for the valence states of InN with In having the
valence states (5s*5p') and N having the valence states (2p®) in the so-called wurtzite
structure having a hexagonal bravais lattice and two InN units in each primitive cell.
The figure is taken from a paper by Foley and Tansley, Phys. Rev. B 33 1430 (1986).
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FIG. 2. The energy bands of indium nitride.
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4. In class, we discussed the simple tight-binding model of a body-centered cubic lattice (with
lattice constant a) and showed that the band dispersion has the form:

E(ky, ky k) = a+ 88 (rm (‘7“) mc(‘%”) ms(k ‘))

For the following, assume that a = 0 and 8 = —1 in Rydberg units,

(a) Express the band energy about its minimum at k = 0 to quadratic order in
2= k2 k24 R2
(b) Note that the quadradic expansion of the band dispersion is related to the band
dispersion of a 3-dimensional free electron and use this form to approximate the density
of states and the Fermi energy of the system assuming that there are two electrons
within the cube of volume a®.

5
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k.,
E(k,k,.k.)=-8cos k; cos| 22 |cos k.a

2
~—g|1-[ kel | L
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2
=8 1= (k2 4+ K2 +47) |= -8+ 0%k
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E, ~-8+(6x°
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3. This problem concerns the tight-binding Hamiltonian for a 2-dimensional graphene lattice as
shown on slide 21 of Lecture 10 and is
atomic basis con

milar to assignment # 10. Assume the tight binding
sists of a single C 7 orbital on each site (blue and red sites are identical)
Consider the nearest neighbor matrix elements (ppr); and next nearest neighbor matrix
elements (ppr); only and assume that the basis functions are orthonormal. Your results
should be expressed in terms of these parameters.

(a) Find the forms of the 4 matrix elements Hy, (ky, k), Hyp(kz, ky), Hyo(ka, k), and
Hyy (ke k).

Find the forms of the eigenvalues of the tight binding matrix.

Now assume that (ppm), << (ppm);. Let (ppm); =1 and plot the bands for several
directions in the hexagonal Brillouin zone.

(d) Examine the form of the bands near the K point of the Brillouin zone, finding the
eigenstates at the K point. Also show that for a state near the K point (k = 3Zx +
where the vector k is assumed to be small, the band dispersion is approximately linear
in k.
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Tight binding model of graphene = bands
(more conventional notation than Lect. 8.)

red atoms:
r=1.,1tna +na,
blue atoms:

P = Towe T 7,8 + 15,2,

_ Hrr(k) Hrb(k)
Towe = \755/ Hbr (k) be (k)
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Guide to k-points — hcp lattice

Figure 7.10: First Brillouin zone of the hexagonal lattice. Using coordinates

by =4n/av3(V3/2 —1/2 0), by =4r/aV/3(v/3/2 1/2 0) and 27/c(0 0 1);
T=(000),A=(00 1/2),M=(1/2 0 0),K=(1/3 1/3 0),

H=(1/31/3 1/2),and L=(1/2 0 1/2).
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K point: k =%b1 +%b2
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=X
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H= Hrr (k) Hrb (k)
H, (k) H, (k)

H,= (pp7r)1 (e

*

ka3 —ikal(243)-ik.al2 —ik,al(23)+ik.al2
T te (%) +e (%)

:Hbr

H,=H,=E,
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(H,,(k) H,‘b(k)J
T H, &) H,, (k)

Eigenvalues:

A=H, (k) +\|H, [ =H, &) =|H, )

H,= (pp”)l (ezkva/«/g + e*l-k‘a/(zx/g}—ik‘a/Z N e—ikja/(zﬁ)ﬂk‘a/Z )

:Hbr
H, =H,=E,
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H,- (ppﬂ)l (eik‘a/ﬁ N e*ik,‘a/(Z\/g)fikxa/Z + efik),a/(lx/g}ﬁkxa/Z)

_ (ppﬂ) e*ikva/(lﬁ) (eik‘a\/i/z 4o ka2 | ka2 )
I

=H -

br

H,=H,=E,
2= B, 5[, 00

Near K point: k ==4T”i+lc cosg X+k sing y

3
A z(ppﬂ)[%lca
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Tentative plan for topics

Chapter 16-18 Electronic transport
Chapter 20-23 Optical properties
Chapter 26 Hubbard model
Chapter 19 Surfaces

Chapter 16: Dynamics of Bloch Electrons

Semi-classical electron dynamics
Concerned with states near Fermi level

Electron velocity <> %VRE”A
d




Electron velocity for Bloch electrons

AGE eik‘ruk (r)

(—h—vz +V(r)]u/k(r) = By (v)
2m

(—i(v +k)’ +V(r)Juk (r)= Eu, (r)
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