PHY 752 Solid State Physics
11-11:50 AM MWF Olin 103

Plan for Lecture 2:

Reading: Continue reading Chapter 1 in GGGPP;
Electrons in one-dimensional periodic potentials

1. Review of Bloch’s Theorem

2. Kronig-Penny model potential from the
viewpoint of scattering or tunneling
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PHY 752 Solid State Physics

MWF 11 AM-11:50 PM‘ OPL 103‘ http://www.wfu.edu/~natalie/f15phy752/

Instructor: Natalie Holzwarth Phone:758-5510 Office:300 OPL e-mail:natalie@wfu.edu

Course schedule

(Preliminary schedule - subject to frequent )
Date F&W Reading Topic ‘Assignment
Wed, 8/26/2015 [Chap. 1 [Electrons in a periodic one-dimensional potential #1
Fri, 8/28/2015  [Chap. 1 Electrons in a periodic one-dimensional potential #2

Mon, 8/31/2015 |Chap. 1
Wed, 9/02/2015
Fri, 9/04/2015

Mon, 9/07/2015
|Wed, 9/09/2015
Fri, 9/11/2015

Mon, 9/14/2015
10|Wed, 9/16/2015
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1 Electrons in One-Dimensional
Periodic Potentials

Chapter Outline head
1.1 The Bloch Theorem for One-Dimensional Periodicity 2
1.2 Energy Levels of a Single Quantum Well and of a Periodic Array of Quantum Wells 5

1.3 Transfer Matrix, Resonant Tunneling, and Energy Bands 12
1.3 ansm Reflection of Electrons E t
Double Barrier and Resonant Tunneling
ectron Tunneling a Periodic Potential 22

1.3. hrougt
1.4  The Tight-Binding Model 25

1.4.1 E sion in Localized Orbitals 25
1.4.2 diagonal Matrices and Continued Fractions 27
1.5 Plane Waves and Nearly Free-Electron Model 34

1.5.1 E sion in Plane Waves 34

1.5.2 T athieu Pote and the Continued Fraction Selution 37
1.6 Some Dynamical Aspects of Electrons in Band Theory 38
Appendix A. Solved Problems and Complements 49

Further Reading 64
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Figure 1.3 C al potential formed by a periodic array of quantum wells.
Yy (x) €/9% | Be~i4x w<x<0 q(E)=2mE/hZ,
Vi1(x) =Cef* + De P 0<x<b B(E) = /2m(Vy — E)/R?%.

(1.16)

Bloch theorem:
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Yr(x + 1) = eR g (x)




Eigenvalue solutions to Kronig-Penny model
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Figure 1.5 Energy bands of lowest energy in the Kronig-Penney model for P = 37/2. The
energy E (in Rydberg) is plotted as a function of k in the first Brillouin zone: the value of the
lattice parameter considered is a = 10ag (ag Bohr radius).

8/28/2015 PHY 752 Fall 2015 — Lecture 2

8/28/2015

V(z)
Vs

m |an

—u, b bt+w z
a

Figure 1.3 One-dimensional, ntial formed by a periodic array of quantum wells.
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x=—w

From wavefunction matching conditions:
A+B=C+D
Aig — Big=Cp — DB
CePt 4 De PP :I,,LA.[A(, iqu | getiqw)
CBePt — DBe=Pb = ke[ Aige~i7" — BigetiT™).

Condition for non-trivial solution:

1 1 1 1
iq iq B N
eika—iqu eikatigw P e Bb =W

igeka—iqw  jgeikatiqw  popb pe Pt

Simplified result:

=

ﬂ) q*
2,

sinh Bb sin qw + cosh b cos quw = coska |.
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Details for V, =

sinh?(0.6871= 1))
COS(M):[I+%] cos(ll47\/7—A(f))
1-2f
tan A(f) = ——=L— tanh (0.687/1- 1
A= iy )
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inh? (0.6871= 7))
cos(ka) = [1 +WJ cos(l L7Jf - A( f))

1-2f
tan A(f) = ——=—=tanh(0.687/1- f
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Treatment of same problem in terms of transmission and
reflection from a periodic barrier. First consider a single

barrier: AV(z)
.1/4"" Vo .\Nr”'
— R
) A Y,
< --- B; < ---
Bpe ' Bpe™'"
0 b T
x) = Ape'?* + Bre™'9* x <x e
V) . 5 = q(E) = \.«"zm E/R2 E > 0.
VR(X) = Ape’?* + Bre'9* x > xp

Matrix for determining coefficients:

Agr _ AL . m11(E) mp2(E) Ap
(BR) = M(E) (BL) N ["131(5) l"zz(-’f)] (BL)
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AV (z)
Ape'™ Vo Apei?
—_— —_—
kAL Ay W@
< --- B; < ---
RLV ¥ RI" ar
0 b T

YL(x) = ALel®® + Bpe—its
Y1 (x) = AreP* + Bre P*
VR(x) = AR + Bge—i9*

where g2(E) = 2mE/h* and B2(E) = 2m(Vy — E)/h%.
Matching conditions for wavefunction coefficients:

A\ _ 1 [ig+p —ig+p] (A AR\ _ L [Gg+peiathl (g — preiPb] (A,
Bi) " 28 |-ig+p iqa+p |\BL) Bg] ~ 2ig | (iq — petiatB  (ig + pyettia-Pt |\ B,
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Solving for transfer matrix elements:

5 2
: 2P
myy =etab [Cush pb +i———sinh | m> =m];

2P
Lat+ B
miy = e 90 (—j) sinh b My =m,
248 12
TV(I)
Apeir Vo Apci® AR —
—> — Bg
A;
mi(E) mp(E)| (AL
41;17-‘;’ By ;: . [mgl(E) mgg(E)] (BL
0 b T
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4" Vo A pei®®
AL AR my(E) mp(E) | (AL
A, my(E) mx(E) |\ BL
<--- B, -<----
Bpe i Bpe=i
0 b T
Transmittance
4 1 [
2
A, My,
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After some algebra:
1
T(E)= ~ = 0<E =<V
Vi . .4 [2m(Vy — E)b*
1+ sinh” -
4E(Vy — E) 2
1
T(E)= - = Ex>W.
: V¢ .y \/lm([:‘ Vo)b®
EE - (g
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Figure 1.8 Transmission coefficient through a barrier of height Vj = 1 eV and length b = 5 A
(dashed line), and through a barrier of height Vo = 1 eV and length b = 20 A (solid line).
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Electron transmission through a one-dimensional
periodic barrier V(z)

Vo

(1) |(II)]

—w 0 b b+w z
>
Because of Bloch theorem:

dyrg i d
Ur(a) = e** Y (0) and (( ¥ ) = eika (‘ 'JI[') .
i /—a x=0

dx dx

PHY 752 Fall 2015 — Lecture 2 18




Bloch theorem & transmission coefficients:
Ay myye'9? miae'?? Ap ika (AL
= =e
B, moye 9% moye 199 BL BL

Condition for solution:

Re [m“r"""’} =coskal.

>

2 2
cosh gbcos quw — % sinh b singqw = coska.
=4
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