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Outline:

Lorentz microscopy has been used extensively for the past 40 years
to study magnetic domain structure and magnetization reversal
mechanisms in magnetic thin films and elements. Here, a brief
Introduction to standard image modes in TEM and the theory
Involved is presented. The second half of lectures is devoted to
discussing how the sample's phase shift and magnetic properties
can be quantified from the LTEM observations.

1) Lorentz Transmission Electron Microscopy (LTEM)
A. Lorentz Force
B. LTEM Imaging modes
C. Examples
2) Simulation and quantitative analysis
A. Modeling magnetic images in a real microscope
B. Transport of Intensity Equations (TIE)
C. Examples
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Lorentz TEM (LTEM): Lorentz force

Electrons, which pass a region having electrostatic and/or magnetic
fields, are deflected by Lorentz force F,

FL=—e(E+v><§)

Suppose E = 0, and F;acts normal and deflects the electron beam.
Only the in-plane magnetic induction, B, deflects the beam.
.
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LTEM: Lorentz Transmission Electron Microscopy
Different imaging modes for observing magnetic features

Foucault mode
(aperture displaced) Fresnel mode

(a) (b) In-focus Over- focus Under-focus
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In-focus observation Out-of-focus observation
Scattering contrast that Interference contrast that distinguishes the
distinguishes domains intersection between domains or changing spin states
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Diffraction due to sample magnetization

V,e- (pz)

O > 0,~50 urad

Py

T t
px=J FLdT=eJBldz=eBlt
0 0

p, = mv
Lorentz deflection gives small angles
Px eBJ_t eBlt

0, ~ — = = (CrpB,t
"“p, ok mv FTT

- 2meB  t x
p(x) = —2nkb, = —Tl

For a varying §, we arrive at the general
solution for the phase shift due to a
magnetic induction within the sample

2me [ —

@ (X,y)=-T B ds
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Measuring the Lorentz diffraction angle 8 ; with small angle
diffraction experiments

PHYSICAL REVIEW B 94, 024407 (2016)
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Lorentz microscopy and small-angle electron diffraction study of magnetic textures =&
in La;_,Sr,MnO; (0.15 < x < 0.30): The role of magnetic anisotropy 2X10%rad

A. Kotani,' H. Nakajima,' K. Harada,'> Y. Ishii,' and S. Mori'"
' Department of Materials Science, Osaka Prefecture University, Sakai, Osaka 599-8531, Japan
2Center for Emergent Material Science, the Institute of Physical and Chemical Research (RIKEN), Hatoyama, Saitama 350-0395, Japan
(Received 21 December 2015: revised manuscript received 15 June 2016; published 6 July 2016)
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Lorentz TEM (LTEM): Lorentz force

The components of the magnetic induction in the
sample can be determined by tilting the specimen.
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Determining the 3 components of the magnetic induction
vector in the sample

A Sample of thickness (t) having internal magnetic fields with
magnetic inductive vector (B, ) in two direction, B, and B,

Gauss’s Law

| e | pivB=0=2x_ %
"' < ox dy
vy <« 0°Ap  2met 3B, (x,y)

l X (B,,B,) It 0xdy  h 0y
0B h 0%Ag

Z — _ | =X —
By = dy dx 2met 0xdy dx
h J0Ag@ h J0Ag@
B, = d B, = —
*  2met Oy ks Y 2met Ox
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LTEM: Fresnel imaging mode

electron beam

Underfocus A B _
ROAOLO A L A OLOXC specimen
Skyrmions Magnetic domains in (magnet)
in FeGe Co Nanomagnets
Lorentz lens

Overfocus

- focal plane, overfocused
focal plane
............................................. focal plane’ Underf(x:used

image plane, underfocused

— image plane of Lorentz lens

A. Kovacs et al., Lorentz microscopy and off-axis
electron holography of magnetic skyrmions in
FeGe. Resolution and Discovery 1, 2 (2016)
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Example: Magnetic domain structure in ferromagnetic SMA

Available online at www.sciencedirect.com
.t
{_ *2-*"ScienceDirect @Aﬁa MATERIALIA
v

sl
ELSEVIER Acta Materialia 59 (2011) 4895 4906

www.elsevier.com/locatefactamat

In situ lorentz TEM magnetization study of a Ni-Mn-Ga
ferromagnetic shape memory alloy

A. Budruk®, C. Phatak”, A.K. Petford-Long”, M. De Graef™*

“ Depariment of Maierials Science and Engineering, Carnegie Mellon University, Pitisburgh, PA 15213, USA
b
frgonne

> National Laboratory, 9700 S Cuss Avenue, Argonne, 1L 60439, USA
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Example: In-situ LTEM observations of Neel type Skyrmions
(Pt-Co multilayers) under an applied field (~100 mT)

11

|. Madan, G. Berruto and T. LaGrange Unpublished data

Complementary study in a similar system

Zhang, S., et al. (2018). "Creation of a thermally assisted skyrmion lattice
in Pt/Co/Ta multilayer films." Applied Physics Letters 113(19): 192403.
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Example: Imaging Skyrmions in CoZnMn alloys

Transformation between meron and skyrmion
topological spin textures in a chiral magnet

X 7 Yu'* W Kachihae! ¥V Tokunaoa? K Shihata! ¥ Tasuchi! N Nagancal? & b A T(;ok[_|r;<|1'3

The equilibrium period of the helical phase

L—4A
D—”D

where A4 is the micromagnetic exchange
constant and D is the DMI constant

Critical field corresponding to the
saturation field of the system

DZ
~ 2MA

where M, is the magnetization

Hp

120 K80 mT

Fig. 3 | Stability of the square (anti)meron and hexagonal skyrmion red dashed arrows in the phase diagram in Extended Data Fig. 3b).
lattices in the (001) plate of CogZngMn;. a-h, Over-focused Lorentz i, j, Magnetization textures for the boxed regions tn d and h, respectively,
TEM images of the square (antf)meron {(a-d) and hexagonal skyrmion deduced by analysing Lorentz TEM tmages with the transport-of-

(e-h) lattices observed with decreasing temperature at a magnetic fleld of Intensity equation. The colour wheel in the Inset of j indicates the In-plane
20 mT and 60 mT, respectively (experimental procedures are denoted by magnetization direction.
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LTEM: Foucault imaging

electrons

Aperture displaced 20,

underfocus
-Af ' '
sPeam en with
alternating _
magnetic domains
+Af
overfocus
Lorentz lens
(Objective
Aperture displaced -20, mini-lens)
— - back focal plane
A ccmmmmmeeee
B image plane

00 nm
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Foucualt imaging is darkfield image formed using the
magnetically deflected spots

vV, e Electrons

The Foucault image is a RREREEEREEL
darkfield image formed
by the magnetically
scattered beams

dbjective lens

-‘-m__-". I s .-'.-I
' e e e AN/
I s Aperture
, ~mrad ;‘j
l——ox : 0 e e e 4
l-'-_" I||
o - Z il .t
7 v,e e 9 9 %‘ f_ﬁ"\'\

Remember the angle at which electrons are deflected by a Position
magnetic field or potential is more than the order of
magnitude smaller than the Bragg angles

AeB t
GL S hl

~ 50urad for ~500mT and 200kV electrons

thomas.lagrange @epfl.ch e www.epfl.che lumes.epfl.che +41 (0)21 6935861



Experimental setup for Foucault Imaging

Take the example of a magnetic sample having domains of opposing

?vectors; the diffraction pattern contains slip spots separated by 26,
20

-
o0 00 o6

A Foucault image is generated by selecting one of the split spots and using
those electrons to form the image intensity (contrast). The dark field or
Foucault image exhibits bright intensity having a magnetic induction that
allows electrons to pass through the aperture.
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Combining a carbon film phase-plate with Foucault imaging

26
o0 00 00

Image has

field lines” ~ Carbon sheet
giving m
phase shift.

Instead of selecting one of the split spots to generate a Foucault image, both
diffracted spots pass through an aperture partially covered by a carbon film.
The thickness of the carbon film is designed to give a m phase shift of the
electron beam at a given accelerating voltage, and only one of the spots
passes through the film. Under this setup, the Foucault image will contain
Field Lines within the domains with a 2w phase shift between them.

16 thomas.lagrange @epfl.ch e www.epfl.che lumes.epfl.che +41 (0)21 6935861



Combining a carbon film phase-plate with Foucault imaging

Circular Permalloy dots on SiN Phase calculation using TIE

Instead of selecting one of the split spots to generate a Foucault image,
both diffracted spots pass through an aperture partially covered by a
carbon film. The thickness of the carbon film is designed to give a m phase
shift of the electron beam at a given accelerating voltage, and only one of
the spots passes through the film. Under this setup, the Foucault image will
contain Field Lines within the domains with a 2w phase shift between them.
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Small Angle Electron Diffraction (SmAED)

SmAED for LTEM studies typically
requires camera lengths of 50-1000m

A@Blt
9, = —= ~1— 100prad
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Small Angle Electron Diffraction (SmAED) examples

AIP ADVANCES 2, 012195 (2012)

Small angle electron diffraction and deflection

T. Koyama,' K. Takayanagi,”? Y. Togawa,®*? S. Mori,"* and K. Harada'*
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Example: Skyrmion lattice

Small angle electron diffraction
of Skyrmion Lattice (SKL)
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Outline:

Lorentz microscopy has been used extensively for the past 40 years
to study magnetic domain structure and magnetization reversal
mechanisms in magnetic thin films and elements. Here, a brief
Introduction to standard image modes in TEM and the theory
Involved is presented. The second half of lectures is devoted to
discussing how the sample's phase shift and magnetic properties
can be quantified from the LTEM observations.

2) Simulations and quantitative analysis
A. Modeling magnetic images in a real microscope
B. Transport of Intensity Equations (TIE)
C. Examples
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Lorentz image simulation: modeling the TEM image

formation

Source

Condenser
lens

sample

Obijective
lens -

Back Focal
Plane I { I <<

AVAVAVAVAVAVAVAVE i

= FT

— FT1

Imaging
Plane .

4

WWWWWWNWWY 2TPe

Sample

diffraction
pattern
‘ Image wave

ANV e
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Lorentz image simulation: modeling the TEM image
formation

Sour Incident
-y Plane Wave
Y, = Y exp(2mir)
Condenser Sample
lens Exit Wave
sample Ys(r) = a(r)e'®s”

Objective Sample
lens - diffraction pattern
S—

Back Focal & 'P(CD = TT[Ws(F)] T (ﬁ)
I < I <<

Plane T(G) = A(|g])e *@e~P@)
il
il Image formation and
Imaging Transfer Function
Plane <«

1) =[IFT Y @I = %) Q TL(M)I?
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Lorentz image simulation: Transfer function

Pi(r) = a(r)e'®s”™  The exit wave of the sample, which has the
phase shifts associated with both the sample’s
electrostatic and magnetic potentials

R N R Abbe’s equation can be used to approximate
¥Y(q) = FT[¥MIT (q) imaging (Fourier transform) that is convolved
~ ~11 —iv(a) —ip(ay With the microscope transfer function.
T,() = A[|gl]le”*@e=iP@ :

A[|ql] is the aperture function (1 inside
and 0 outside). Radius and position are
varied for Foucault images simulations

R R R x(q) is the phase function corresponding
i 2 31214
x(q) = mAAf |q|* + 1/2nCsA°|q] to the defocus and spherical aberration

N (mOpAf)? i of the objective lens.
- In2 1 D(q) is the damping envelope of the

wave function due to the beam
divergence and the finite stability of the
lenses and accelerator electronics.

D(q)

IR [(tO ZH
() = Allglle~ AR~ g ar

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che +41 (0)21 6935861



Example: modeling the LTEM Fresnel mode contrast
developed by embedded magnetic particles of differing sizes

as a function of np size as a function of HT

—2me o —2me [ — a o5f ' ' T3 b oasf
Ap,, = Adl =—— | BdS :
h l h 200 1
S
2met H N é
AP = TByAx £ 5
2met & =
A(Pm,yz A B,Ay : Ll
: | ! !
Example: J. Dooley and M. De Graef, Micron 28, (1997) p.371 -10; l [ . - - L
Distance [nm] Distance [nm)]
] . . . : > 4ma’ P A ~
For spherical magnetic particles with radius (a), A(r) = 3(;;3) M,[y(Xsin6 + Z cos 0) — zy]

Assuming that normalized coordinates (e.g., ¥ = 1,37 =2 ), using M, = i, and B(r,q) = [1— (r? > 1)]4
a a 81B

Pm 2mey _3
Magnetic phase shift = (pg (1) = | {1 - f (r, E)}

J_az hT_'Z

Electrostatic phase shift = Pelr) = |2 {];—m t — ,3 (T_’, 1)}
l

ogeU;a 2
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Example: modeling the LTEM Fresnel mode contrast
developed by embedded magnetic particles of differing sizes

27

For embedded magnetic nanoparticles that are
strong phase objects, the exit wave follows,

W.(7) = a(F)eilBra’Pm(r)+opeliage(ry)]

Imaging of sample information by the microscope
lens system can be modeled as,

¥(q) = FT[¥@]T (9)

The transfer function associated with LTEM mode
can modeled as,

2
(mOpAf) |a|2

T.(§) = Allglle~ ™A8M1a e ™2
The intensity on the detector plane is the
convolution of sample exit wave function and the
microscope transfer function

1) = [ IFTHP@I1° = [¥() @ TL(M)I?

vacuum amorphous carbon  polymer matrix

Af| pm)

-20

-10

10

De Graef, M. (1999). Lorentz microscopy and electron holography of nanocrystalline
magnetic materials. Advanced Hard and Soft Magnetic Materials. M. Coey, L. H.
Lewis, B. M. Ma et al. Warrendale, Materials Research Society. 577: 519-530.
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MALTS: Micromagnetic Analysis to Lorentz
TEM Simulation

IEEE TRANSACTIONS ON MAGNETICS, VOL. 49, NO. 8§, AUGUST 2013 4795

MALTS: A Tool to Simulate Lorentz Transmission Electron Microscopy
From Micromagnetic Simulations

Stephanie K. Walton!, Katharina Zeissler', Will R. Branford!%, and Solveig Felton?

OOMMF MALTS Experimental
(a)
b V4
\Q‘ ,I
\3 gf
4 5-‘
ﬁ?; R.
lpm
(b) -
i
i
*.!
%
i
il
&:
3um
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How do we model LTEM contrast and be more quantitative
about the magnetic phase shifts due to in-plane B

LORENTZ MICROSCOPY AND OFF-AXIS ELECTRON HOLOGRAPHY
OF MAGNETIC SKYRMIONS IN FeGe

Andras Kovécs'*, Zi-An Liz, Kiyou Shibata3, Rafal E. Dunin-Borkowski'

'"Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons and Peter Griinberg Institute,
Forschungszentrum Jiilich, D-52425 Jiilich, Germany

“Faculty of Physics and Center for Nanointegration (CENIDE), University of Duisburg-Essen,
D-48047 Duisburg, Germany

SRIKEN Center for Emergent Matter Science (CEMS), Wako 351-0198, Japan

Phase Reconstructed Image
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Transport of Intensity Equations (TIE)

For LTEM mode with small deflection angles (i.e.,|g; |) and small defocus (Af), the
phase function (y(gq) Jand damping envelope (D(q)) can be written in terms of z and
Taylor series expansion of the transfer function (truncating at the quadratic term)

Y (@) = FT[YEDIA — 2|9, 1%)

(mOpAf)?

z=1iz;+ 2z, z;=mAAf and 2z, = =

The wave function on the image plane (inverse FT) can be written in this general form,
Y = ae'® — zFTFT(ae?)q?| and FT(ae?) = f(q.)

FT[FT(ae®)q?] = = [f f(@)V?e>™ 7" dg; = — V?[ae™?]

Y = ge'? +4—ﬂ2|72[ae ]

The intensity on the detector plane is the convolution of the sample exit wave function
and the microscope transfer function. For uniform illumination (V?a = 0)

ALf (BpAf)?
|2 2 o 2
[=|a o V-(a“Ve) + T

[aVZa — a*(Ve)?]
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Transport of Intensity Equations (TIE)

Let’s consider 3 cases, infocus (i.e, I(1,,0) = a?), overfocus and underfocus with the
same magnitude |Af |

Underfocus I(7, —|Af])

- 16,0 -2y 4, 0w + LIV i 016 0) - 16, 07

and for overfocus I (7, +|Af])

- 16,0 + 2y 4, 0w + LIV i O 16 0) - 16, 07

Subtracting the second equation from the first and rearranging the terms,

2n (I1GL IAfFD) = I(7y, —|Af|))
- 2187 V-[(r,0)Ve]

If we take the limit in a vanishingly small defocus, we arrive at the so-called generalized
form of the Transport of Intensity Equation (TIE)

R 21 01 (FJ_, O)
. — 2y — | —
V-[(r,0)Vel|=Vw T3,
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Simplification of the TIE equation

The Transport of Intensity Equation (TIE)
21 0l

V(I(r,0)Ve) = — S

If the in-focus intensity is constant (/) associated with the sample, then,

D — 21 01
ol = Tz

Implementing a 2-D Fourier transform of the images,
—4mlqte = [ ]

rewriting the equation

1 I(Af) — I(=Af)
2rq?Al, i [ A ]

(pz
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Experimental approach for calculating the phase

1 1(Af) = I(=Af) |
~ —T T X
& 2mq?Al, [ 20Af r‘

V¥ =1(r.,0)Ve s = -Af e =P T

21 01 o -
V-vY =V = ——— 220 =
A 0z N
Vo = VY i 2me [ § ( ) Y A]t z=Af — @ T
P=I1G, 0 p Lloxn ()

To calculate the phase, images of the same region are taken at overfocus
(Af), in-focus (Af = 0), and underfocus (—Af). Subtract the overfocus
and underfocus, take the Fourier transform, and then divide reciprocal

g’ and constants ( in-focus image /,). The phase is obtained by the
inverse FT ~1 of this quantify.
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Example: permalloy disks deposited on SiN membrane

Af = 3mm Af=0 Af = -3mm

1ym 1™ L pm

Recovered phase cos¢ Simulated Phase

(and cosg)
‘ @ and cos @

e e,

It is convenient to display the calculated phase images as “cosine

of the phase” contour map in which there is a phase shift of 27
between the dark lines that resembles the magnetic field lines.
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Example: TIE of Skyrmions in FeGe (unpublished resuits)

TIE Phase image

In-focus

: Under-focus

Defect in Crystal
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Comparison with electron holography

TIE CaIc from LTEM EIectron Holography

N
a
20 T — H°|°'graphx Calculated
e TIE 201 pm 50 R A EB " TIE 96 pm
TIE 96 pm \ A Y ——TIE 201 um
. —— TIE 399 pm . ——TIE 399 um
- —— TIE 801 um £ -~ ——TIE 801 um
= TIE90Oum | = TIE 900 um
o T 0
@ 10- -4 ,
= >
o 3
<
©
-50 - h
of =< ‘&\. i
""""""""" 0.2 0.3 0.4 0.5

01 00 01 02 03 04 05 06 07

Position (um) Position (um)

A. Kohn, A. Habibi, M. Mayo, Ultramicroscopy160(2016)44-56
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Resolution, optimal defocus, and accuracy of calculated
phase using TIE

Phase Measurement in Electron Microscopy
Using the Transport of Intensity Equation

Kazuo Ishizuka, and Brendan Allman*
HREM Research Inc, *IATIA Ltd

(MALf Qinax)

3] <c<«<1lc~0.25

Table 1. Upper limits of defocus for the three-image case

mA(ZAf) | 100kV | 200kV | 400kV

0.14 4.90 x10? 4.2 nm 6.2 nm 9.5 nm

0.2 9.80x 102 8.4 nm 19.0 nm 19.0 nm
1 2.45 211 nm 311 nm 474 nm
10 2.45x102  21.1 uym 31.1 ym 47.4 ym
100 2.45 x104 2.11 mm 3.11 mm 4.74 mm
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Practical considerations
for doing TIE analysis
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Difficulties and Errors with TIE phase retrieval: Noise

To understand noise effects on the phase recovery, consider a wave with no intensity
modulation but has a phase distribution

dp 5
Y

Implementing Fourier theory then gives,

2T dp

ldd 9Pl _ 2
P FT OZ] lq.|

Where q, is the spatial frequency, the solution phase follows,

dp
1 [a_]

B Zn}"T‘l
=

lq. 12

Thus, the phase recover from input data involves the numerical differentiation of
experimental data, noise sensitive operation. However, phase recovery with TIE is
relatively insensitive to noise even at levels around 10%

Thus, to reduce noise effects, a larger defocus can

be used at the expense of reduced spatial resolution
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Difficulties and Errors with TIE phase retrieval: Systematic
errors, e.g., magnification, image shifts, image rotation

* |mage shifts

— Suppose an electron plzzme wave traveling at an angle, 8, can be described by the
phase gradient, ¢’ = 7” sin 0

— If an image (sample) shifts by A causing defocus error of 6z, then ¢’ = 27”%

— The acceptable misalignment depends on the extent of phase excursion (size)
required to observe a feature.

* Magnification errors

— Adifference of 1% in magnification can cause significant errors in the recovered
phases.

— In an astigmatic system, the magnification can differ with transverse direction, and
defocus error-induced magnification changes result in an additional cylindrical
phase across the image

* Image rotation

— For phase distribution of ¢ = nf, where 0 is the azimuthal angle on intensity

distribution, the phase distribution undergoes a differential rotation separated by
differential distance.

— A small amount of rotation can create local phase gradients and distortion artifacts.
* Image Normalization

— Incorrect image normalization on the order of <1% can even cause dramatic effects
on the recovered phase and image artifacts
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Other techniques and examples
for imaging magnetic structures
in the TEM
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Lorentz Scanning TEM and Differential Phase Contrast (DPC)

Ultramicroscopy 152 (2015) 57-62

Contents lists available at ScienceDirect 4
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Scottish Universities Physics Alliance, School of Physics and Astronomy, University of Glasgow, Glasgow, Glasgow G12 8QQ, UK
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Examples: Hollow Cone Foucault imaging

Optical,axis

Applied Physics Express 12, 042003 (2019) LETTEI Y
https://doi.org/10.7567/1882-0786/ab0523 ‘) "4
X

Hollow-cone Foucault imaging method Check for

updates

Ken Harada'?", Atsushi Kawaguchi?, Atsuhiro Kotani?, Yukihiro Fujibayashi®, Keiko Shimada', and Shigeo Mori® Condenser lens

"CEMS, RIKEN (The Institute of Physical and Chemical Research), Hatoyama, Saitama 350-0395, Japan
2Department of Materials Science, Osaka Prefecture University, Sakai, Osaka 599-8531, Japan Crossover \ ' A

E-mail: kharada @riken.jp Hollow-cone beam

Received January 17, 2019; revised February 4, 2019; accepted February 7, 2019; published online March 13, 2019

Conventional Foucault imaging Object plane —5

Objective

Il > mini-lens

4 —
3= 10 rad -

' '_/maée plane
Hollow-con¢ l"numull image

HCF Darkfield
50 urad angle

Precessing the beam (azimuthal
angle) about small tilt angles
(20,) allows imaging all domains
and their boundaries with high
spatial resolution(~1nm)
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Foucault mode example: in-situ measurements in spintronics

Lorentz transmission electron microscopy on NiFe/Cu/Co/NiFe/MnNi active
spin valve elements

X. Portier,? A. K. Petford-Long, and R. C. Doole
Department of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom

T. C. Anthony and J. A. Brug
Hewlett-Packard Laboratories, Palo Alto, California, 94304

0.5 mm

They observed the magnetic domain structure
and made simultaneous magnetoresistance
measurements under an applied, controlled field
and current in which they correlated changes in
the domains to GMR (giant magnotoresitance).

-9.88 -10.26 - -10.64 -14.06

Applied magnetic
field in Oersted
10e=0.1mT

Current density
1.5x108 A cm-2
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Example: Combining LTEM imaging modes

APPLIED PHYSICS LETTERS 101, 093101 (2012)

Foucault imaging by using non-dedicated transmission electron microscope

Yoshifumi Taniguchi (& O 1£58)," Hiroaki Matsumoto (VA Z348E),2

and Ken Harada (/& B#f)%®

IScience and Medical Systems Business Group, Hitachi High-Technologies Corp., Ichige, Hitachinaka,
Ibaraki 312-8504, Japan

j("u/'/m/'u/(' Manufacturing Strategy Group, Hitachi High-Technologies Corp., Ishikawa-cho, Hitachinaka,
Ibaraki 312-1991, Japan

*Central Research Laboratory, Hitachi Ltd., Hatoyama, Saitama 350-0395, Japan

Combining Small Angle Electron Diffraction (SmAED)
with Foucault and Fresnels mode LTEM imaging provides
high spatial resolution (1-10nm) and quantification of
the magnetic induction vector components.
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Quantum mechanical description of Lorentz TEM and
Heisenberg uncertainty principle

EE BN BN

Al 2A1 SAT 4A1

The classical description of Lorentz deflected beam does not explain the
observed fringes in the convergent “bright” domain walls

2meB |ty 21e
(p(Y) = h ) V(P = A HL; Apy = etABJ_
The magnetic phase shift relates to the magnetic flux quantum as,
21e D, (r
Ap,,(r) = 7 b, (r)=m Tg)( L) ,Where ®, = >3 is the flux quantum
(0]

Uncertainty principle states Ap, Ay = h

AyAB;t A® _ h

=
2 2 2e
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Quantum mechanical description of Lorentz TEM and fringe
spacings in LTEM images

L3
A K AL

Af 2A1 AT 4A1

The angle (y) between 2 sources on the
image plane is,

y = 250, /(s + Af)

The fringe width can be described as,

6i=&=h(s+Af)

14 2etsB

The spatial region of the fringe at the sample
plane is,

S h D,

S lS+Af ZeBJ_t tB_L
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