Chapter 3
Simple Model Systems

One-dimensional models and models with piecewise constant potentials have been
used as simple model systems for quantum behavior ever since the inception of
Schrodinger’s equation. These models vary in their levels of sophistication, but their
generic strength is the clear demonstration of important general quantum effects and
effects of dimensionality of a quantum system at very little expense in terms of effort
or computation. Simple model systems are therefore more than just pedagogical
tools for teaching quantum mechanics. They also serve as work horses for the
modeling of important quantum effects in nanoscience and technology, see e.g.
[4, 20].

3.1 Barriers in quantum mechanics

Widely used models for quantum behavior in solid state electronics are described by
piecewise constant potentials V(x). This means that V(x) attains constant values in
different regions of space, and the transition between those regions of constant V(x)
appears through discontinuous jumps in the potential. Figure 3.1 shows an example
of a piecewise constant potential.

The Schrodinger equation with a piecewise constant potential is easy to solve,
and the solutions provide instructive examples for the impact of quantum effects on
the motion of charge carriers through semiconductors and insulating barriers. We
will first discuss the case of a rectangular barrier.

Figure 3.1 shows a cross section of a non-symmetric rectangular square barrier.

The piecewise constant potential has values

0, x<0,
V) =1®,0=<x=<L,
CI)z, x> L.
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Fig. 3.1 A non-symmetric square barrier

with ®; > &, > 0. This barrier impedes motion in the x direction. It can be used
e.g. as a simple quantum mechanical model for a metal coated with an insulating
layer. The region x < 0 would be inside the metal and the potential ®, would be
the energy which is required to liberate an electron from the metal if there would
not be the insulating layer of thickness L. The energy @ is the energy which would
classically be required for an electron to penetrate the layer.

Quantum problems with time-independent potentials are conveniently analyzed
by using a Fourier transformation! from time # to energy E,

1 o i
Y(x, 1) = —Znh /_oodE exp(—gEt) Y(x,E), 3.1
Y(x,E) = ; /Oodt ex (lEt) v(x, 1) (3.2)
RV B\ o ‘

Substitution into the time-dependent Schrédinger equation (1.2) yields the time-
independent Schrodinger equation”

2
Ey(x,E) = — ;l—mAl//(x,E) + V@)Y (x,E). (3.3)

!The normalization condition (1.20) implies that the function v (x, E) does not exist in the sense
of classical Fourier theory. We will therefore see in Section 5.2 that ¥ (x, E) is rather a series
of §-functions of the energy. This difficulty is usually avoided by using an exponential ansatz
Y (x,1) = ¥ (x, E) exp(—iEt/h) instead of a full Fourier transformation. However, if one accepts
the §-function and corresponding extensions of classical Fourier theory, the transition to the time-
independent Schrodinger equation through a formal Fourier transformation to the energy variable
is logically more satisfactory.

2E. Schrodinger, Annalen Phys. 384, 361 (1926). Schrodinger found the time-independent equation
first and published the time-dependent equation (1.2) five months later.
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The potential on Figure 3.1 depends only on x. In this case we can also eliminate
the derivatives with respect to y and z through further Fourier transformations,

1 00 ) )
Y(x,E) = — / dk, / dks exp[l(kzy + k3Z)] Y (x, ky, k3, E)
27 J - —00

to find the time-independent Schrodinger equation for motion in the x direction,

2 32
E1y(x,Er) = —Z——ZW(x,El) + V)Y (x, Ey). 3.4
m Ox
Here
2 2
E = E—h2¥, V(x,E)) = Y (x, ko, k3, E).
m

E is the kinetic energy for motion in the x direction in the region x < 0.

Within each of the three separate regions x < 0,0 < x < L, and x > L the
potential attains a constant value, and equation (3.4) can be solved with a final
Fourier transformation from x to &,

A exp(ikix) + Bexp(—ikix), k; = /2mE;/h, x <0,
Cexp(ik{x) + D exp(—ik|x),

Y E) =4 K = 2mE —®)/h 0<x<L, (3.5)
Fexp(ik|x) + G exp(—ik]x),

kll = \/2m(E1 — CDz)/h, x> L.

We must have E; > 0 because the absolute minimum of the potential determines
a lower bound for the energy of a particle moving in the potential. However, the
wave numbers k|’ and k| can be real or imaginary depending on the magnitude of E.
We define

Kl =—ik, Kk =ix,
with the conventions ¥ > 0, ¥’ > 0, if k| or k| are imaginary.

The wave function (3.5) is not yet the complete solution to our problem, because
we have to impose junction conditions on the coefficients at the transition points
x = 0 and x = L to ensure that the Schrédinger equation is also satisfied in those
points. This will be done below. However, we can already discuss the meaning of
the six different exponential terms appearing in (3.5). The wave function ¥ (x, E;) is
multiplied by the time-dependent exponential exp(—iE;¢/#) in the transition from
¥ (x, E}) to the time-dependent wave function ¥ (x, ¢) for motion in x direction,

Y(x,t) = \/21_7”11 /(; dE, CXP(—%EIZ‘) v(x, EY). (3.6)
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A single monochromatic component therefore corresponds to a time-dependent
wave function proportional to ¥ (x, E1)exp(—iEt/h). The term Aexpli(kix —
E1t/h)] corresponds to a right moving wave in the region x < 0, while the term
Bexp[—i(k;x + Ejt/h)] is a left moving wave. Similar identifications apply to the
C and D components if k{ is real, and to the F and G components if k| is real.
Otherwise, these components will correspond to exponentially damped or growing
wave functions, which requires G = 0 if ¥’ = —ik’l > 0 is real, to avoid divergence
of the wave function for x — oo.

There is a subtle point here that needs to be emphasized because it is also
relevant for potential scattering theory in three dimensions. We have just realized
that the monochromatic wave function ¥ (x, E1) describes a particle of energy E;
(for the motion in x direction) simultaneously as left and right moving particles in
the regions where the wave number is real. The energy dependent wave function
always simultaneously describes all states of the particle with energy E, but does
not yield a time resolved picture of what happens to a particle in the presence of
the potential V(x). Let us e.g. assume that we shoot a particle of energy E; at the
potential V(x) from the left. The component A exp[i(kjx — E1t/h)] describes the
initially incident particle, while the component B exp[—i(k;x 4+ E #/#)] describes a
particle that is reflected by the barrier. The component F expli(kjx — E;t/h)], on
the other hand, describes a particle which went across the barrier (if E; > ®;), ora
particle that penetrated the barrier (without damaging the barrier!) if ®; > E; > ®,.

The calculation of expectation values sheds light on the property of the mono-
chromatic wave function ¥ (x, E1) exp(—iE t/h) to describe all states of a particle
of energy E; simultaneously. The expectation values both for location (x) and
momentum (p) of a particle described by a monochromatic wave function are time-
independent, i.e. a single monochromatic wave function can never describe the time
evolution of motion of a particle in the sense of first corresponding to an incident
wave from the left, and later either to a reflected wave or a transmitted wave. A time
resolved picture describing sequential events really requires superposition of several
monochromatic components (3.6) with contributions from many different energies.
Stated differently, the wave function of a moving particle can never correspond to
only one exact value for the energy of the particle. Building wave functions for
moving particles will always require superposition of different energy values, which
corresponds to an uncertainty in the energy of the particle. Stated in yet another way:
The energy resolved picture described by the Schrédinger equation in the energy
domain (3.3) describes all processes happening with energy E, whereas the time-
dependent Schrodinger equation describes processes happening at time . If the
time-dependent wave function of the system is indeed monochromatic, ¥ (x, 1) =
¥ (x, E1) exp(—iE t/h), then we imply that all these processes at energy E; happen
simultaneously, e.g. because we have a continuous particle beam of energy E;
incident on the barrier.

The monochromatic wave function can still tell us a lot about the behavior of
particles in the presence of the potential barrier V(x). We choose as an initial
condition a particle moving against the barrier from the left. Then we have to set
G = 0 in the solution above irrespective of whether k| is real or imaginary, because
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in the real case this component would correspond to a particle hitting the barrier
from the right, and in the imaginary case G = 0 was imposed anyway from the
requirement that the wave function cannot diverge.

Before we can proceed, we have to discuss junction conditions for wave functions
at points where the potential is discontinuous.

A finite jump in V(x) translates through the time-independent Schrédinger
equation into a finite jump in d?v (x)/dx?, which means a jump in the slope of
dyr (x)/dx, but not a discontinuity in dyr (x)/dx. Therefore both v (x) and dr (x)/dx
have to remain continuous across a finite jump in the potential®. This means that the
wave function ¥ (x) remains smooth across a finite jump in V(x). On the other hand,
an infinite jump in V(x) only requires continuity, but not smoothness of v (x).

The requirement of smoothness of the wave function yields the junction
conditions

A+B=C+D
k(A —B) = K/(C—D)
Cexp(ik{L) + Dexp(—ik{L) = Fexp(ik|L)
K{[C exp(ik{L) — D exp(—ik|L)] = k| F exp(ik;L)

Elimination of C and D yields
2kik{A = [K] (ki + k}) cos(K/L) — i(ki K} + K{?) sin(k{L)] F exp(ik;L).
2kik{B = [K] (ki — k}) cos(KL) — i(ki K — k{*) sin(k|L)] F exp(ik|L).
Note that
cos(k{L) = cosh(kL), sin(k{L) = —isinh(kL).

If we decompose the wave function to the left and the right of the barrier into
incoming, reflected, and transmitted components

Vin(x) = Aexp(ikix), Yr(x) = Bexp(—ikix), v, (x) = Fexp(ik|x),
then the probability current density (1.18) yields

. . hk . h
Jin |A|2» Jre = — ! |B|27 Jir = —|F|25Rk/1
m m

m

3The time-dependent Schrodinger equation permits discontinuous wave functions ¥ (x,f) even
for smooth potentials, because there can be a trade-off between the derivative terms, see e.g.
Problem 3.15.
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In the last equation we used that k| is either real or imaginary. The reflection and
transmission coefficients from the barrier are then

Uil 1B Ll PO
|jin| |A|2’ Uinl |A|2kl

This yields in all cases 0 < 7 = 1 — R < 1. The transmission coefficientis T = 0
for0 < E; < &5,

T = 4VE((E) — ) (P — E1)
X [(q)l — El) <2E1 — CI)2 + 2\/ E1 (E] — @2))

-1
D (D) — D) sinhz(,/zm(epl - El)L/h)]
for &, < E; < &, and

T = 4\/E1(E1 - (Dz)(El - q)l)
X [(E[ — (1)1) (2E1 — (1)2 + 2\/ E] (E[ — (Dg))

£0,(@) — @) sin? (y2m(E — onL/h)]

for E; > ®,. Classical mechanics, on the other hand predicts T = 0 for E; < &
and T = 1 for E; > &y, in stark contrast to the quantum mechanical transmission
coefficient shown in Figure 3.2.

The phenomenon that particles can tunnel through regions even when they do
not have the required energy is denoted as tunnel effect. It has been observed in
many instances in nature and technology, e.g. in the o decay of radioactive nuclei
(Gamow, 1928) or electron tunneling in heavily doped pn junctions (Esaki, 1958).
Esaki diodes actually provide a beautiful illustration of the interplay of two quantum
effects, viz. energy bands in solids and tunneling. Charge carriers can tunnel from
one energy band into a different energy band in heavily doped pn junctions. We will
discuss energy bands in Chapter 10.

Quantum mechanical tunneling is also used e.g. in scanning tunneling micro-
scopes (Binnig & Rohrer, 1982), and in flash memory and magnetic tunnel junction
devices®.

It is easy to understand from our results for the transmission probability why
quantum mechanical tunneling plays such an important role in modern memory
devices. If we want to have a memory device which is electrically controlled, then

“Magnetic tunnel junctions provide yet another beautiful example of the interplay of two
quantum effects — tunneling and exchange interactions. Exchange interactions will be discussed
in Chapter 17.
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Fig. 3.2 The transmission coefficient for a non-symmetric square barrier. The curve calculated
here corresponds to m = 511keV/c?, &, = 10eV, d, =3eV,L=2A

Fig. 3.3 A simplified
schematic of a flash memory
cell. The tunneling barrier is
the thin section of the
insulator between the floating
gate and the semiconductor
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apparently the information bits 0 and 1 can be encoded through the two states
of a device being electrically charged or neutral. If we also want to maintain
storage of the information even when the power supply is switched off (a non-
volatile memory), then the device should not discharge spontaneously, i.e. it should
be electrically insulated. The device should therefore be a conductor which is
surrounded by insulating material. Such a device is called a floating gate in flash
memory devices, see Figure 3.3.
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However, we do want to be able to charge or discharge the floating gate, i.e.
eventually we want to run a current through the surrounding insulator without
destroying it. Using a tunneling current through the insulator is an elegant way
to achieve this. Our results for the tunneling probability tell us how to switch a
tunneling current. If we substitute m = 511 keV/c2, & —E; ~ 1eV,and L ~ 10
nm, we find

vV 2m(d>1 —EI)L/h ~ 51

and therefore

sinhz(mL/h) ~ %exp(2mL/h> ,

i.e. in excellent approximation

T~ 16YEE = )@ — E)) exp(—z,/zm(@1 — El)L/h) .

(P — Dy)

The exponential dependence on /®, — E; implies that decreasing ®; — E; by
increasing E; will have a huge impact on the tunneling current through the insulator.
We can control the energy E of the electrons in the floating gate through the electron
concentration in a nearby control gate. Presence of a negative charge on the nearby
control gate will increase the energy of any electrons stored in the floating gate and
allow them to tunnel into a conducting sink (usually a semiconductor) opposite to
the control gate. This process will discharge the floating gate. On the other hand,
a positive charge on the control gate will attract electrons from an electron current
through the semiconductor towards the insulating barrier and help them to tunnel
into the floating gate.

3.2 Box approximations for quantum wells, quantum wires
and quantum dots

A particle in three dimensions which can move freely in two directions, but is
confined in one direction, is said to be confined in a quantum well. A particle which
can move freely only in one direction but is confined in two directions is confined
in a quantum wire. Finally, a particle which is confined to a small region of space
is confined to a quantum dot. We will discuss energy levels and wave functions of
particles in all three situations in the approximation of confinement to rectangular
(box-like) regions. For the quantum well this means that our particle will be confined
to the region 0 < x < Ly, but it can move freely in y and z direction. The particle in
the quantum wire is confined in x and y direction to 0 < x < L;, 0 < y < L,, but
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it can move freely in the z direction. Finally, box approximation for a quantum dot
means that the particle is confined to the box 0 < x < L|,0 <y < L,,0 < z < L3.

We will assume strict confinement in this section, i.e. the wave function of the
particle vanishes outside of the allowed region while the wave function inside the
region must continuously go to zero at the boundaries of the allowed region.

We gauge the energy axis such that in the allowed region the potential energy
of the particle vanishes, V(x) = 0, i.e. the time-independent three-dimensional
Schrodinger equation in the allowed region takes the form

2
By =~ 2 ay . 3.7

Substitution of the Fourier decomposition

__1 3 <o ik -
vo=—— /dkw(k)epok %)

2

yields k = +/2mE/#f and the general solution for given energy E takes the form
Yx) = /dzl:tA(lAc) exp(%v2mEl}-x) , I:tz =1.

On the other hand, equation (3.7) tells us that the energy of a plane wave ¥ (x) =
exp(ik -x)/~/ 27 of momentum p = hkis
h2k*

E=——. (3.8)

If we have no confinement condition at all, our particle is a free particle and
equation (3.8) is the kinetic energy of a free non-relativistic particle of momentum
p = hk.

Energy levels in a quantum well

If we have a confinement condition in x-direction, e.g. ¥ (0,y,z) = 0 and
¥(L1,y,z) = 0, then we have to superimpose plane wave solutions in x direction to
form a standing wave with nodes at the boundary points, and we find solutions

Vi ko s (X) =

expli(kay + k3z)] sin(nlelTx) , (3.9

1
JT A/ 2L1
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with integer n; € N and energy
W, o, mn?
Epjboks = 5— (kz + k3 + _) :
2m L%

The energy of the particle is therefore determined by the discrete quantum number
n; and the continuous wave numbers &, and k3.

Energy levels in a quantum wire

If the particle is confined both in the x-direction to the region 0 < x < L; and in
the y-direction to the region 0 < y < L,, the boundary conditions (0, y,z) = 0,
v(Li,y,2) =0, ¥(x,0,z) =0and ¥ (x, Ly, 7) = 0 yield

[ 2 : (mmx\ . [ nymx
Yy by (X) = 7L Ly exp(iksz) Sln( L )Sln( L )’ (3.10)

and the energy of the particle is determined by the discrete quantum numbers n; and
n, and the continuous wave number k3 for motion in z direction,

oh? (nd N} +h2k§
2m \L? L2 2m

Eninyjs =

Energy levels in a quantum dot

If the particle is confined to the region 0 < x < L;,0 <y < L, 0 < z < L3, the
conditions of vanishing wave function on the boundaries yields normalized states

8 L (mmrx\ . (mry\ . [(mnz
Yy nyms (X) = ‘,L1L2L3 sm( L )sm( L sin L) (3.11)

and the energy levels are determined in terms of three discrete quantum numbers,

Enrams = (M (3.12)
R om \ 2 12 12)7 '

Degeneracy of quantum states

If two or more different quantum states have the same energy, the quantum states
are said to be degenerate, and the corresponding energy level is also denoted as
degenerate. This happens e.g. for the quantum wire and the quantum dot if at least
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two of the length scales L; have the same value. We will discuss the quantum
dot (3.12, 3.11) with L} = L, = L3 = L as an example. This cubic quantum
dot has energy levels

2h?
2mL?’

— 2 2 2
Enl.nzm - (”1 + n + }13)

The lowest energy level

2 h?

Eii11=3—7
LL1 L2

corresponds to a unique quantum state ¥ ;(x) and is therefore not degenerate.
However, the next allowed energy value
Ei,=E =F11=06 h
t2 = o = 200 = 05
is realized for three different wave functions v 1 2(x), ¥12.1(x) and ¥, 1 1 (x), and is
therefore three-fold degenerate. Three-fold degeneracy is also realized for the next
two energy levels

2h?

122 2,12 22,1 Iz

and
E1,1.3 E1,3,1 E3,1,1 2 L2'

The next energy level is again non-degenerate,

2h?
E =12——:.
222 Imi2

Then follows a six-fold degenerate energy level,
ﬂzhz
2ml2’

Eips=Ej31 =E31p0=Ei30=FE351 =Ey;3=14

3.3 The attractive § function potential

The attractive § function potential
Vx) =—-Wékx), W>0,

provides a simple model system for co-existence of free states and bound states of
particles in a potential.
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Positive energy solutions of the stationary Schrédinger equation for the &
function potential must have the form

Yi(x) = Y O(x) [Ax exp(ikx) + By exp(—ikx)].  hk = v/2mE,
+

and normalizability limits the negative energy solutions to the from
Ve (x) = Z O(£x)Cy exp(Frx), hx =~ —2mkE.
+

These solutions must be continuous in order not to generate §’(x) terms which would
violate the Schrodinger equation,

Ay +By =A_+B_, Cy=C_. (3.13)
On the other hand, integrating the Schrodinger equation from x = —e tox = €
and taking the limit ¢ — 0+ yields the junction conditions
: dyr (x) dy (x) 2m
1 — = ——=Wy(0).
=0 ( dx |, dx |,—_. h? v
This implies
ik(Ay —By —A_ +B_) = — %W(A+ +B.+A_+B.) (3.14)
for the free states and
m
K = ﬁW (3.15)

for the bound states.
Equation (3.15) tells us that there exists one bound state for YW > 0 with energy

E — _ Mo
L om?
The normalized bound state is
Ve (x) = /i exp(—«|x|). (3.16)

For the free states, we first look at solutions which are right or left moving
plane waves exp(=ikx)/+/27 on the half-line x > 0, i.e. we solve equations (3.13)
and (3.14) first under the conditions A, = 1/+/27, B4 = 0, and then under the
conditions Ay = 0, By = 1/+/2x. This yields solutions
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1 2
V) = = explikn) + J ;@(—x)%sin(kx), (3.17)
Yi) = —— exp(—ike) + /> O(—0) sin(kv)
—k(X) = mexp 1 . X kSln .

The free solutions can be unified if we also allow for negative values of k (recall that
until now k was defined positive from 7k = +/2mkE),

Vi(x) =

1 . 2 K
Ners exp(ikx) + \/;O( X) . sin(kx). (3.18)
These states are free right or left moving plane waves for x > 0, but they do not
provide orthonormal bases for the scattering states in the attractive § potential.
We will construct two orthonormal bases below in (3.21, 3.22) and (3.25, 3.26),
respectively.

Another useful representation for the free states is motivated by considering the
outgoing waves with amplitudes A4 and B_ as consequences of the incident waves
with amplitudes A_ and B . The junction conditions (3.13, 3.14) yield

A+ 1 k ik A_
= . . 1
(B) k—ik (iK k) (B+) (3-19)
The unitary matrix

Qzﬁ(i]/cc lllcc) :ﬁ(i{/—% ig) (3.20)

is also known as a scattering matrix because it describes scattering of incoming
waves off the potential. Here B = —F, is the binding energy of the bound state.

The scattering matrix can be used to read off the reflection and transmission
coefficients for the § function potential,

B _|AL]?  k¥* B
" |0A_| |dBy| kK2 +Kk?> E+B
dA4 > |9B_ |? 2 E
T: = = = .
d0A_ 0B+ K +«> E+B

In many situations it is also convenient to use even and odd solutions of the
Schrodinger equation. Odd (or negative parity) solutions ¥ (x) = —y(—x) must
satisfy AL = —B_, By = —A_. Solving equations (3.13) and (3.14) with these
conditions yields the negative parity solutions

Vi) = % sin (ko). 3.21)
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The positive energy solutions of positive parity follow from Ay = B_, By = A_
and equations (3.13), (3.14) in the form

1 kcos(kx) — k sin(k|x|)

+() =— . (3.22)
The wave number k in (3.21) and (3.22) is constrained to the positive half-line k =
v2mE/h > 0.

The solutions (3.16), (3.21) and (3.22) satisfy the usual orthonormalization
conditions for bound or free states, respectively (see Problem 3.9), and their
completeness relation is

Ve (@)Y () + /0 dk [ Y- - () + Y+ WP+ ()] = Sx—x). (3.23)

The state (3.17) describes a situation in which a particle is incident on the &
potential from the left, and therefore on the right side of the potential (x > 0)
we only have the right moving transmitted component, whereas the wave function
for x < O contains both incoming and reflected components. We can find a
corresponding normalized solution and construct a basis of scattering states which
describe scattering of particles incident from the left or from the right by applying a
unitary transformation on the basis of even and odd scattering states (3.22, 3.21):

(lﬂk,l(x)) _ 1 («/K2+k2 K+ik) (Wk,+(x)) (3.24)
Vier () V202 112 \ VK2 + kK —k—ik ) \ () ) '

This yields a basis with states describing incidence of particles from the left,

kexp(ikx) + 2k ®(—x) sin(kx)

Vi) = (3.25)
. V2r (2 £ 1)
and incidence of particles from the right,
k exp(—ikx) — 2k ©(x) sin(kx
Vir(x) = p(Tiky) (o) sin(ke) : (3.26)

V2 (k? + k)

The completeness relation is

Ve () + /O Ak [ Y V() + Vs Y, @] = 8 — ). (327)

There is no bound state solution for a repulsive § potential

2
V(x) = Wé(x) = %5(}6)
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and the even parity energy eigenstates become

1 kcos(kx) + « sin(k|x|)

P+ () = —= .
v VK + k2

The completeness relation for the eigenfunctions of the repulsive § potential is

therefore

(3.28)

/0 dk [V — () W— () + 4 (D)Pr+ ()] = $(x — X). (3.29)

3.4 Evolution of free Schrodinger wave packets

Another important model system for quantum behavior is provided by free wave
packets. We will discuss in particular free Gaussian wave packets because they
provide a simple analytic model for dispersion of free wave packets. This example
will also demonstrate that the spatial and temporal range of free particle models is
constrained in quantum physics. We will see that free wave packets of subatomic
particles disperse on relatively short time scales, which are however too long to
interfere with lab experiments involving free electrons or nucleons. Nevertheless,
the discussion of the dispersion of free wave packets makes it also clear that simple
interpretations of particles in quantum mechanics as highly localized free wave
packets which every now and then get disturbed through interactions with other
wave packets are not feasible. Particles can exist in the form of not too small free
wave packets for a little while, but atomic or nuclear size wave packets must be
stabilized by interactions to avoid rapid dispersion. We will see examples of stable
wave packets in Chapters 6 and 7.

The free Schriodinger propagator

Substitution of a Fourier ansatz
1 o0 o0
vx, 1) = —/ dk/ dw Y (k, w) expli(kx — wt)]
27 ) —00

into the free Schrodinger equation shows that the general solution of that equation
in one dimension is given in terms of a wave packet

hk?
Vk,o) = v2ﬂ1/f(k)5(w - —) .
2m

, hi?
v (x, 1) = dk (k) exp[l (kx - )} . (3.30)

2m

=l
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The amplitude v (k) is related to the initial condition v (x, 0) through inverse
Fourier transformation

1 o0 )
) = —— /_ ey 0) expl(—ik).

and substitution of 1 (k) into (3.30) leads to the expression

Y(x, 1) = /Oodx’ Uix—x,0)y((X,0) (3.31)

—0o0

with the free propagator

00 2
U(x, 1) = %/_ dk exp[i(kx— %tﬂ ) (3.32)

This is sometimes formally integrated as’

m m.x2
Ulx, 1) = i) 3.33
0D =\ S eXp(l 2ht) (3-33)

The propagator is the particular solution of the free Schrodinger equation

232

0
IIJ’ZEU(X,Z‘) = —%@

Ulx, 1)

with initial condition U(x,0) = §(x). It yields the corresponding retarded Green’s
function

ih 9 G v g = 6(1)6 3.34
ih— (x’f)+%@ (x,1) = 8(0)é(x), (3.34)
G(x,1) . =0, (3.35)

through
Gx, 1) = (ai—;lt)U(x, 1). (3.36)

This can also be derived from the Fourier decomposition of equation (3.34), which
yields

5The propagator is commonly denoted as K (x, r). However, we prefer the notation U(x, f) because
the propagator is nothing but the x representation of the time evolution operator U(t) introduced in
Chapter 13.
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expli(kx — wt)]
gen = @n )Zh[ dk/ —(hk2/2m) + i€’

The negative imaginary shift of the pole (Ak*/2m) — i€, € — 40, in the
complex @ plane ensures that the condition (3.35) is satisfied. We will encounter
time evolution operators and Green’s functions in many places in this book. The
designation propagator is often used both for the time evolution operator U(x, f)
and for the related Green’s function G(x, ). U(x,t) propagates initial conditions
as in equation (3.31) while G(x, r) propagates perturbations or source terms in the
Schrodinger equation.

Width of Gaussian wave packets

A wave packet ¥ (x,1) is denoted as a Gaussian wave packet if | (x,1)|? is a
Gaussian function of x. We will see below through direct Fourier transformation
that ¥ (x, f) is a Gaussian wave packet in x if and only if ¥ (k, 7) is a Gaussian wave
packet in k.

Normalized Gaussian wave packets have the general form

V(x,t) = (20[7(0) ! exp(—a(f)[x — xo(1)]* +ip(x, 1)), (3.37)

and we will verify that the real coefficient «(?) is related to the variance through
Ax?*(t) = 1/4a(t). The expectation values of x and x? are readily evaluated,

x)@ =/ ZaT(t) /jodxxexp(—Zoz(t)[x—xo(t)]z)
— 252 [ sl + no0)exp(-2008) =300

(W) (1) =/ Z“T(’) /_ dexz exp(—2a () [x — xo (1))
=v%9[;%@+mm%memmﬁ
d oo
-y Zo;(t) ( %00 = Eda(r)) / 4§ exp(20()E")

= xo(f) + —

4o (t)
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and therefore we find indeed

AR () = (2)(1) — (0)(0) = ﬁ@ (3.38)

Free Gaussian wave packets in Schrodinger theory

We assume that the wave packet of a free particle at time + = 0 was a Gaussian wave
packet of width Ax,

(x — x0)?

1 .
W()C, 0) = W eXp(_W + lk().x) . (339)

This yields a Gaussian wave packet of constant width

1

Ak = —
2Ax
in k space,
1 *° .
0l = o= [ drye0)espi-ity
1 o0 (x—x0)% .
= —(271)3/4(Ax2)1/4 /_Oodx exp(——4Axg ~+ (ko — k)x)
expliko — k)xo] [ £2 .
= —(2n)3/4(Ax2)1/4 _Oodé exp|:—4Ax2 ~+ i(ko —k)§:|
2\ %
— ( Zix ) exp[—Ax? (k — ko)* — ik — ko)xo] . (3.40)
2
vk, t) = ¥(k) exp(—ifit) . (3.41)
2m

Substitution of ¥ (k) into equation (3.30) then yields

2

AX % 2,2 .
V(x,t) = 73 exp(—Axkg + ikoxo)

o ht
X / dk exp|:— (Ax2 + i—) K+ (2Ax%ko + i(x — x0)) k:|
—c0 2m
2TA 2\1/4
= (27 Ax) 7 exp(—szk(Z) + ikoxo)
27 Ax? + iz (ht/m)]
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[2Ax2k0 +i(x — X())]2
TP YA A 2ihe/m)

_ QrAx?)'/4 exo| — [x —x0 — (7f‘zko/m)t]2
T A+ intim)] T AAR + (2 /m AR

) hi? ht [x —xo — (hko/m)1]’
X exp |:1 (kox - %t + m (AR + (22 jam?) | | (3.42)

Comparison of equation (3.42) with equations (3.37, 3.38) yields

K2
4m2 Ax2’

AR () = A + (3.43)
i.e. a strongly localized packet at time ¢+ = 0 will disperse very fast, because the
dispersion time scale T is proportional to Ax?. The reason for the fast dispersion
is that a strongly localized packet at t = 0 comprises many different wavelengths.
However, each monochromatic component in a free wave packet travels with its own
phase velocity
w  hk
vk) = — = —,

) k 2m

and a free strongly localized packet therefore had to emerge from rapid collapse
and will disperse very fast. On the other hand, a poorly localized packet is almost
monochromatic and therefore slowly changes in shape.

The relevant time scale for decay of the wave packet is

2mAx?
T = P
Electron guns often have apertures in the millimeter range. Assuming Ax = 1 mm
for an electron wave packet yields 7 ~ 2 x 1072 seconds. This sounds like a short
time scale for dispersion of the wave packet. However, on the time scales of a
typical lab experiment involving free electrons, dispersion of electron wave packets
is completely negligible, see e.g. Problem 3.17.

On the other hand, suppose we can produce a free electron wave packet with
atomic scale localization, Ax = 1A. This wave packet would disperse with an
extremely short time scale T ~ 2 x 107'® seconds, which means that the wave
function of that electron would be smeared across the planet within a minute. See
also Problem 3.18 for a corresponding discussion for neutrons.

We will see in Chapters 6 and 7 that wave packets can remain localized under the
influence of forces, i.e. the notion of stable electrons in atoms makes sense, although
the notion of highly localized free electrons governed by the free Schrodinger
equation is limited to small distance and time scales.

(3.44)
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We can infer from the example of the free Gaussian wave packet that the kinetic
term in the Schrodinger equation drives wave packets apart. If there is no attractive
potential term, the kinetic term decelerates any eventual initial contraction of a free
wave packet and ultimately pushes the wave packet towards accelerated dispersion.
We will see that this action of the kinetic term can be compensated by attractive
potential terms in the Schrodinger equation. Balance between the collapsing force
from attractive potentials and the dispersing force from the kinetic term can stabilize
quantum systems.

Comparison of equation (3.41) with equations (3.37, 3.38) yields constant width
of the wave packet in k space and therefore

h
Ap = hAk = —,
P 2Ax

i.e. there is no dispersion in momentum. The product of uncertainties of momen-
tum and location of the particle satisfies ApAx(f) > #/2, in agreement with
Heisenberg’s uncertainty relation, which will be derived for general wave packets in

Section 5.1.
The energy expectation value and uncertainty of the wave packet are

m (1
)= o (ko + 4Ax2)

Wk 1
AE = — | 20 )
2m \ Ax2 + 8Ax*

Suppose we want to observe strong localization of a free particle. The decay
time (3.44) then defines a measure for the time window Ar of observability of the

particle. This satisfies
AEAt=h ! + k2Ax2 >
N - X -,
8 0 \/g

in agreement with the qualitative energy-time uncertainty relation (5.7), which we
will encounter in Section 5.1.

The free Gaussian wave packet reproduces momentum eigenstates in the limit
Ax? — oo in the sense

and

o 174
lim (2—;) W (k) = 50k — ko).

Ax2—00

. Ax? /4 vt 1 (x ht 2
im |— X, 1) = exp|il| kox — — .
Ax2—oco \ 27 \/ﬁ P 0 2m 0
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3.5 Problems

3.1. Show that the tunneling probability for the square barrier in Figure 3.1 always
satisfies T < 1 if &, > 0.

Remark. Don’t be fooled by Figure 3.2. The first transmission maximum at E; =~
2®, corresponds already to 7 >~ 0.998 and the next transmission maximum is even
closer to 1, but it only looks like the transmission probability would reach 1 in
Figure 3.2.

Tunneling resonances T = 1 occur for &, = 0. For which values of E; and
ki do this tunneling resonances occur? Which geometric matching condition holds
between the wavelength of the incident particles and the square barrier for the
tunneling resonances?

3.2a. Calculate the reflection and transmission coefficients for a particle that falls
down a potential step of height V.

3.2b. Calculate the reflection and transmission coefficients for a particle that runs
against a potential step of height V, both for particle energy 0 < E < Vj and for
E >V,.

3.3. Calculate the reflection and transmission coefficients for a particle in the (x, y)
plane which moves in the potential V(x,y) = VyO(x). Assume that the particle
initially approached the potential step from the left,

Yin(x,y) = Aexplitkex + k)], x <0, k> 0.
Solution. The reflected wave function is

¥, (x,y) = Bexpli(—kx + kyy)], x <O0.

The time-independent Schrodinger equation for the transmitted component of the
wave function

Yi(x,y) = Cexpli(kx + kjy)], x>0,
implies

2mV0
#H2

K4k =K+ K+

However, smoothness of the wave function across the step does not only have to
hold for all times (this is what requires equal particle energy from equal time-
dependence exp(—iEt/h) of the wave functions on both sides of the step), but also
for all locations along the step, i.e. for all y values. The latter requirement implies
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equal exp(ik,y) factors on both sides of the step, and we find with k; = k, exactly
the same set of conditions that apply to the one-dimensional step from Problem 2,

ZWLV()
2 _ 1.2
K=kt =

. A+B=C. k(A-B)=KC,

i.e. we find the same results as in Problem 2, except for the substitution £ — E, =
hzkf /2m if we want to express results in terms of energies rather than wave numbers.

3.4. A barrier for motion of a particle consists of a combination of two repulsive §
function potentials with separation a,

V(x) = Wé(x) + Wi(x — a).

Calculate the reflection and transmission coefficients for particles with
momentum #k.

3.5. Why is there a simple relation between momentum uncertainty and energy
level in the box model for a quantum dot? What is the relation?

3.6. A very simple cubic model for a color center in an alkali halide crystal consists
of an electron confined to a cube of length L. How large is the length L if the electron
absorbs photons of energy 2.3 eV?

Mollwo had found the empirical relation vd?> = 5.02 x 107> m? Hz between
absorption frequencies v of color centers and lattice constants d in alkali halide
crystals. For the simple cubic model, which relation between L and d follows from
Mollwo’s relation?

A spherical model is also very simple, but gives a better estimate for the ratio
between size of the color center and lattice constant, see the corresponding problem
in Chapter 7.

3.7. Calculate the momentum uncertainty in the bound state (3.16).
3.8. Calculate the scattering matrix for the square barrier from Section 3.1.

3.9. Show that the bound state (3.16) of the attractive § potential is orthogonal to
the free states (3.21, 3.22),

/_ dx s (DY () = 0.

Show also that the free eigenstates (3.21, 3.22) and (3.28) of the attractive or
repulsive § potential are normalized according to

o0

/_ e (e — () = Sk — ), / s P4 () = Sk — K),

—00

[ avbisops =510
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Remark. You have to use that the wave numbers k and X’ are positive.

3.10. Construct a basis of scattering states for the repulsive § potential which
consists of states describing incidence of particles from the left or from the right
on the potential.

3.11. Show that all the momentum expectation values (p") are conserved for a free
particle.

If the particle is moving in a potential V(x), find a necessary and sufficient
condition for V(x) such that (p") is constant.

3.12. Suppose ¥ (x,t) is a normalizable free wave packet in one dimension, e.g.
the Gaussian wave packet from Section 3.4. Which classical quantity of the particle
corresponds to the integral [ dxj(x) of the current density? Does a similar result
hold for [ d®xj(x) in three dimensions?

3.13. The wave function of a free particle at time t = 0 is

0(x.0) 23 1

x,0) =4/ ————.

7 X2+ a?

How large are the uncertainties Ax(¢) and Ap in location and momentum of the
particle?

Remark. The wave function ¥ (x, t) of the particle can be expressed in terms of

complex error functions, but it is easier to use the wave function v (k, t) in k space
for the calculation of the uncertainties.

3.14. The wave function of a free particle at time t = 0 is

¥ (x,0) = Vi exp(—«|x]) . (3.45)

One could produce this state as initial state of a free particle by first capturing the
particle in the bound state of an attractive § potential and then switching off the
potential.

Calculate the wave function ¥ (k, t) of the particle.

How large are the uncertainties Ax(#) and Ap in location and momentum of the
particle?

3.15. The wave function of a free particle at time t = 0 is

O+ a)®(a —x) _ O(a—x)—0O(—x—a)

e =T Va
_ O +a)—-0O(x—a)
— W . (3.46)

Calculate the wave function ¥ (x, 7) of the particle.
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Solution. The wave function in momentum space is
sin(ka)
Jmak’®

Y (k) = ax exp(—ikx) =

2«/_ —a
Yk, t) = (k) exp(—iz—kzt) .
m

The wave function ¥ (x, f) can be evaluated numerically from the first line of the
following representations,

Yt = 1 Oodk explik(x + a)] — exp[ik(x — a)] exp (—iﬁkz)
27iv/2a J-co k 2m
_ 1 oodk explik(x + a)] —.exp[ik(x —a)] exp (—iﬁkz)
27iv2a J—co k + ie 2m
o0 1 —_ 1 —
_ 1 g explik(x + a)] .exp[lk(x a)] exp (—i ht kz) .
2iv2a J-oo k—ie 2m

However, we can also proceed with the analytical evaluation of the integrals by
using the observation

. .
:I:% /_wdkwexp( 12h—tk2) =i 2rm eXPO%(X - a)2) )

k iht

Integration with respect to the parameter a then yields

1 m m
vx,t) = m [erf( Tht(x—f—a)) —erf( Tht(x_a))] , (3.47)

where the error function is defined as

erf(z) = % [Ozdu exp(—u?).

One can easily check that the error functions erf[/m/2ifit(x — xo)] satisfy the free
Schrodinger equation. The wave function v (x, f) from equation (3.47) also satisfies
the initial condition (3.46) through

]. f —_— = —_— —_ — .
Jim_er ( Yt —(x xo)) O —x0) — O(xg — x)
3.16. The initial condition (3.39) yielded a Gaussian wave packet that had its
minimal spread in location x exactly at the time ¢+ = 0. Before that particular
moment, the wave packet was contracting and afterwards it was spreading.
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Find an initial condition v (x, 0) for a Gaussian wave packet that will continue to
contract for some time At before it expands.

3.17. In their famous verification of the wave properties of electrons through
diffraction off the surface of a nickel crystal, Davisson and Germer® used an electron
gun with an aperture of about 1 mm. The electron beam that produced the most
prominent diffraction pattern had a kinetic energy of 54 eV, and the distance from
the electron gun to the nickel target was 7 mm. Show that dispersion of the electron
wave packet on the way from the electron gun to the target is completely negligible.

3.18. Suppose we could produce a free neutron with a nuclear scale width Ax =
1 fm. How large is the dispersion time scale (3.44) for the neutron?

Neutron beam experiments to measure e.g. the 8 decay of free neutrons use
beams with apertures of a few centimeters’. How large is the dispersion time scale
for neutrons with Ax ~ 3cm? How does this compare to the lifetime of free
neutrons?

6C. Davisson, L.H. Germer, Phys. Rev. 30, 705 (1927).

7See e.g. J.M. Robson, Phys. Rev. 83, 349 (1951) for one of the early lifetime measurements of
free neutrons, or H.P. Mumm et al., Rev. Sci. Instrum. 75, 5343 (2004), for a modern experimental
setup.
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