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Fig. 38-8 Photographs showing the buildup of an inter-
ference pattern by a beam of electrons in a two-slit inter-
ference experiment like that of Fig. 38-6. Matter waves,

like light waves, are probability waves. The approximate
numbers of electrons involved are (a) 7. (b) 100, (c) 3000,

(d) 20 000, and (e) 70 000. (Courtesy A. Tonomura, J. Endo,

1. Matsuda, and T. Kawasaki/Advanced Research

Laboratory, Hitachi, Ltd., Kokubinju, Tokyo, H. Ezawa,
Department of Physics, Gakushuin University, Mejiro,

Tokyo) (©)

h 6.63 X 107 -5

- =— = = 112 pm.
Wave length for e-beam (120eV) A ’ 591 X 10" kg-m/s pm




e-beam vs light diffraction

Fig. 38-9 (a) An experimental arrangement used to demon- R heaun
strate, by diffraction techniques, the wave-like character of the in-

(x rays or electrons)
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cident beam. Photographs of the diffraction patterns when the in-
cident beam is (b) an x-ray beam (light wave) and (c) an electron
beam (matter wave). Note that the two patterns are geometrically
identical to each other. (Photo (b) Cameca, Inc. Photo (c) from
PSSC film “Matier Waves,” courtesy Education Development
Center, Newton, Massachusetis)
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de Broglie wavelength of an electron

What is the de Broglie wavelength of an electron with a
kinetic energy of 120 eV?

KEY IDEAS

(1) We can find the electron’s de Broglie wavelength A
from Eq. 38-13 (A = Ah/p) if we first find the magnitude of
its momentum p. (2) We find p from the given kinetic en-
ergy K of the electron. That kinetic energy is much less
than the rest energy of an electron (0.511 MeV, from
Table 37-3). Thus, we can get by with the classical approx-
imations for momentum p (= mv) and kinetic energy
K (= 3m?).

Calculations: We are given the value of the kinetic energy.
So, in order to use the de Broglie relation, we first solve the
kinetic energy equation for v and then substitute into the

momentum equation, finding

p=V2mK
= \/(2)(9.1'1 X 10731 kg)(120 eV)(1.60 x 1071 J/eV)
=591 X 10~*kg-m/s.

From Eq. 38-13 then

6.63 X 1074 ] s
591 X 107 kg-m/s
=112 X 10 %m = 112 pm. (Answer)

This wavelength associated with the electron is about the
size of a typical atom. If we increase the electron’s kinetic
energy, the wavelength becomes even smaller.




Transmission Electron Microskop




Transmission electron microscope Widefield light microscope

Electron gun [l lumination & Lamp

Electromagnetic % /,_._—___) Glass lens
lens Condenser lens ol

TEM grid @ Specimen — Siice
Electromagnetic o y N
l8ns % Objective lens < p> Glass lens

Electromagnetic i
lehs % Projector lens < > Glass kens

Phosphorescent
SCreen E
Final image ye
CCD camera CCD camera

Fig. 2.1: Similarity of a transmission electron microscope with a wide field light microscope. An electron beam is formed ar
the tip of a heated filament. The electrons are accelerated with high voltages (60 — 1200 kV depending on the type of TEM)
and are guided through the electron microscope column by electromagnetic lenses. The beam penetrates and interacts with
the specimen and leads to an image. The image is monitored on a phosphorescent screen or specially designed CCD camera
and recorded.

Introduction to electron microscopy Andres Kaech Aprl 2013

Center for Microscopy and Image Analysis, University of Zurich



Electromagnetic lense
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Fig. 2.5: Electromagnetic lens. A) The magnetic field is strongest in the area of the pole piece. The focal length of the lens is
changed by the current trhough the windings. The lens is water cooled to maintain stability during operation. B) Electrons

passing the magnetic field are deviated perpendicular to the plane defined by the magnetic field B and the velocity vector v.
The black arrows demonstrate the rotation of the image.




Sample holder

Specimen on a TEM grid

Viewing
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Fig. 2.7: Thin sections of a specimen on a TEM grid, holder tip and complete specimen holder, which is introduced into the
goniometer of the TEM through a vacuum lock.




Electron — specimen interaction
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Fig 3.2: Interaction of electrons with specimen/matter, induced radiation and emission. Transmitted electrons like elastically
scattered electrons are tvpically used for TEM imaging of biological specimens. Secondary electrons and backscattered
elecirons are mainly used for imaging in the SEM.




Contrast formation

® _Heavy metal ions
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Fig. 4.1: Contrast formation in bielogical objects (simplified): A different number aof heavy metal ions stick to the sample
surface depending on the constituents, e.g. membranes (phospholipids), ribosomes, chromatin. Many diffracted/scattered
electrons hit the objective aperture and do not reach the imaging device (CCD, viewing screen). Specimen spots with a lot of

heavy metals will yield low signal intensity (electron dense, dark spots) whereas spots with no or few heavy metal ions vield
high signal intensity (bright spots).




Transmission contrast
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Figure 4.22 Dislocations in strong diffraction contrast in a metal foil



Formation of the diffraction pattern and the image in the TEM
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https://www.mah.se/upload/_upload/Electron%20microscopy.pdf



Electron diffraction pattern

Precipitates formed in an Al alloy (a) bright field
image; (b)diffraction pattern from the area in (a).

Diffraction pattern
from Nanowire



High resolution images formed in the TEM.
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RHEED - Reflecting High energy electron diffraction

Surface sensitive electron diffraction at growing nanowires

Julian Jakob - KIT



Scanning electron microscope

Electron
V' Gun

Condenser ' '

lens o4 see
Objective :-: oée

lens see EZZ

Scan ==

coils E SCAN

GEN
Aperture

/ DET AMP
i

specimen

CRT

Waveform
monitor



Beam — specimen interaction 20kV

Primary electrom beam

B sourse of secondary electrons

(- Sourse of backscattered electrons

Sourse of electron-excited
characteristic X-rays

Full scale = 253 cps Cursor:13.8875 keV

EDX spectrum

Full scale = 253 cps Cursor:13.8875 keV
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SEI — Surface detail provided by only the secondary

electrons that can escape from near the surface of
the sample.
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BSE — Z (atomic number) contrast is provided by
electrons that “backscatter” in the direction of the
incident beam.
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SEM of semiconductor core-shell nanowires
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Encoding , Information®: Beating of frequency
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Shape of a wave group

h_ _h e
Ay = j-lj-l _ mupmuy; meus — h _ h
Ty a3, T h h T hRuyi—uva T N
Ay — As RS~ T Flh—v: Almv) Ap
Ax-Ap,. =k

Ay-Ap, = f (Heisenberg’s uncertainty principle).

=

£
-

A=
I
=

Momentum and position can not be determined
precisely simultaneous

Aarwpli i i

unx

20iks 222

A: —~
A — A, AA

The smaller Ax the smaller AA



Heisenberg’s

uncertainty principle
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Uncertainty principle: position and momentum

Assume that an electron is moving along an x axis and that
you measure its speed to be 2.05 X 10® m/s, which can be
known with a precision of 0.50%. What is the minimum
uncertainty (as allowed by the uncertainty principle in quan-
tum theory) with which you can simultaneously measure the
position of the electron along the x axis?

KEY IDEA

The minimum uncertainty allowed by quantum theory is
given by Heisenberg’s uncertainty principle in Eq. 38-20. We
need only consider components along the x axis because we
have motion only along that axis and want the uncertainty
Ax in location along that axis. Since we want the minimum
allowed uncertainty, we use the equality instead of the in-
equality in the x-axis part of Eq. 38-20, writing Ax-Ap, = #.

Calculations: To evaluate the uncertainty Ap, in the mo-
mentum, we must first evaluate the momentum component
P, Because the electron’s speed v, is much less than the
speed of light ¢, we can evaluate p, with the classical expres-
sion for momentum instead of using a relativistic expres-

—

sion. We find
Py = mv, = (9.11 X 1073 kg)(2.05 X 10% m/s)
=1.87 X 10 2 kg-m/s.
The uncertainty in the speed is given as 0.50% of the measured

speed. Because p, depends directly on speed, the uncertainty
Ap, in the momentum must be 0.50% of the momentum:

Ap, = (0.0050)p,
— (0.0050)(1.87 X 10 % kg-m/s)
=035 X 10" kg-m/s.

Then the uncertainty principle gives us

pe - P (663X 10741 5)27
Ap, 9.35 X 107" kg-m/s

=113 %X 107 %m = 11 nm.

(Answer)

which is about 100 atomic diameters. Given your measurement
of the electron’s speed, it makes no sense to try to pin down the
electron’s position to any greater precision.



Schrédinger equation
Light and small particles can be described by a matter wave = probability wave
Wix,y, z.0) = Pix, y. z) e ™,
Propability that a particle will be found at specific position x (e.g. at detector) in

a specific time intervall is proportional to |{|?, whereas { is often complex,
| |? is always real = probability density, how on find { ? It must satisfy

d*ilr Bar’m , (Schriddinger’s equation,
Ix2 N ;2 [E — Ulx)]gr =0 one-dimensional motion),

E is total energy of the particle, U(x) is potential energy,
- Schrodinger equation is a basic principle of physics, it cannot be derived !!!

In case of U=0 -> free particle function, E=E,;,

Y , Brm (mb- ..}w — 0, Y ey -0 U(x) = At + Be
dx? I 2 ) dx*



Probability density (x) = il e

WP = Iy P = (g)le™12

|E,.'k:r|2 — [Erk.r}[Erk.r}* — Eri're—rﬁ'r — E,.'k:r—rﬁ:t — E’U = 1.

Wl* = ()1 = f  (aconstant).

Probability
density |w(x)["

Probability density for a particle moving along x direction is constant for all x



Barrier tunneling

Find wave function Y (x) for this problem
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Scanning tunnel microscopy
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Barrier tunneling by matter wave

Suppose that the electron in Fig. 38-15, having a total energy
E of 5.1 eV, approaches a barrier of height U, = 6.8 eV and
thickness L. = 750 pm.

(a) What is the approximate probability that the electron
will be transmitted through the barrier, to appear (and be
detectable) on the other side of the barrier?

KEY IDEA

The probability we seek is the transmission coefficient 7" as
given by Eq.38-21 (T = ¢~ ?*!'), where

_ [87m(U, — E)
b= —

Calculations: The numerator of the fraction under the
square-root sign is
{87:'2)(9.1'1 x 101 kg)(6.8eV —5.1eV)

X (1.60 X 10719 J/eV) = 1.956 X 10747 J - kg.

195 X 10T ks
= = 0. 4 9 _1_
Thus, b J{MS 0y = 667X 107m

The (dimensionless) quantity 2b L is then
2bL = (2)(6.67 X 10° m~1)(750 X 1072 m) = 10.0

and, from Eq. 38-21, the transmission coefficient is
T=e 2L =¢ 100 =45x 1075, (Answer)

Thus, of every million electrons that strike the barrier, about
45 will tunnel through it. each appearing on the other side
with its original total energy of 5.1 eV. (The transmission
through the barrier does not alter an electron’s energy or
any other property.)

(b) What is the approximate probability that a proton
with the same total energy of 5.1 eV will be transmitted
through the barrier, to appear (and be detectable) on the
other side of the barrier?

Reasoning: The transmission coefficient 7" (and thus the
probability of transmission) depends on the mass of the par-
ticle. Indeed, because mass m 1s one of the factors in the
exponent of e in the equation for 7, the probability of trans-
mission is very sensitive to the mass of the particle. This
time, the mass is that of a proton (1.67 X 10~% kg), which is
significantly greater than that of the electron in (a). By substi-
tuting the proton’s mass for the mass in (a) and then contin-
uing as we did there, we find that 7 = 107!, Thus, although
the probability that the proton will be transmitted is not
exactly zero, it is barely more than zero. For even more mas-
sive particles with the same total energy of 5.1 eV, the prob-
ability of transmission is exponentially lower.



Harmonics
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Electron in a infinite potential wall
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Quantization, infinite potential wall
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Question time about Physics 1

5.2.20 9:00-11:00am

Mechanics — Electrodynamics — wave optics

Written exam 11.2.2020

Elegible to write the exam are those students which have submitted examination
sheets and have received 50% of possible points. !!!

You have the chance to complete your submission up to 29.1. 2020,
Next chance for exam at 24.3. 2020 (2nd exam)



