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Chapter 3

Experiment

In this chapter we will discuss the practical aspects of off-axis electron holog-

raphy. We will focus specifically on performing holography on the Jeol 2010f

which was used for thesis. In discussion we will assume some basic knowl-

edge about transmission electron holography, for a detailed introduction to this

subject we refer to Refs. [36] and [43].

3.1 Experimental apparatus

All experiments reported in this thesis were performed on a Jeol 2010f. In

Tab. 3.1 the key specifications of the microscope are shown. Important for

holography is the presence of a field emission gun. The field emission gun is

vastly superior to older electron sources in terms of brightness and beam co-

herence. Compared to a e.g. a LaB6 source typically a two order of magnitude

increase in brightness can be achieved [36].

For holography a rotatable biprism (Jeol EM-20171/2) is present with a Pt fil-

ament of 0.6µ thickness. The maximum voltage across the filament is 320V,

although for low to medium resolution applications the applied voltage will be

much lower (typically 30V to 60V).

Observations are made by using a Gatan image filter (GIF 2000) which is lo-

cated approximately 1m below the viewing screen, giving a large “after magni-

fication”. For example the field of view at the CCD camera at 50k magnification

is 40nm2. We will see later that while this arrangement is well suited for high

resolution TEM on the Jeol 2010f, it is rather unfortunate for holography. Be-

sides a 1Mpixel CCD camera also a TV camera is present.
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Emitter Field emission (ZrO/W Schottky-emitter)

Accelerating voltage 200kV

Spherical aberration (Cs) 1.0mm

Information limit 0.11nm

Point resolution 0.23nm

Scherzer defocus 60nm

Table 3.1: Specifications of the Jeol 2010f.

For holography there are three special holographic modes. The first (HOLO-L

mode) is the one used throughout this thesis. In this mode the objective lens

is turned off and instead a (Lorentz) objective mini lens is used. In this case

magnifications range between 1000 and 6000 times giving a field of view at the

CCD camera between 2µm2 and 0.33µm2. In HOLO-L mode the fringe spacing

at a biprism voltage of 50V is 18nm. For magnetic systems HOLO-L mode is the

only viable mode. The strong magnetic field of an objective lens interferes with

the magnetic orientation of magnetic samples aligning their magnetization to-

wards the objective lens. This is especially true for small clusters. However,

as was discussed in Chapter 2 in electron holography we can only measure

the component of the magnetization perpendicular to the electron trajectory.

Therefore for magnetic systems only HOLO-L should be used.

The other two modes are HOLO-M and HOLO-H, which were designed as the

names imply for medium to high resolution application. For HOLO-M the avail-

able magnification range between 100k and 300k, for HOLO-H this is between

300k and 1.5M. Unfortunately due to the positioning of the Gatan image fil-

ter even the lowest HOLO-M mode already gives an over magnification of the

image. This unfortunately prevents us from performing high-resolution holog-

raphy experiments.

3.2 Experimental procedure

In Fig. 3.1 we show a schematic overview of an electron microscope. The lens

alignment procedure is the same as for ordinary TEM. However, because of the

coherence requirements it is vital that they are performed as well as possible.

Especially the voltage center and the objective lens astigmatism are important.

As was explained in the previous section all experiments were performed using
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a Lorentz lens is used, here after we will refer to this as LOW-MAG mode. Like-

wise the conventional mode where the objective lens is used will be referred to

as MAG mode. Because the alignment procedure in LOW-MAG mode is little

documented we will give a brief description of the alignment procedure. To

correctly align the illumination system we first perform the routine lens align-

ments in MAG mode (with the objective lens turned on). The memories of the of

the gun shift and gun tilt coils are shared between LOW-MAG and MAG mode.

Thus if the value is changed while in MAG mode it will retain its value when

switching to LOW-MAG mode. However, the memories of the other parameters

are not shared in this way. In LOW-MAG mode the voltage center and objective

astigmatism have to be corrected again. Unfortunately because of the low mag-

nification factor it is difficult to perform these alignments with high accuracy.

Condenser
system

��������	
��

Specimen

Objective lens

Back focal plane

Image plane

Projector system

Viewing screen

Figure 3.1: Schematic overview of

an electron microscope.

Figure 3.2: Top view of an el-

liptical illumination with the long

axis perpendicular to the elec-

tron biprism. This maximizes the

beam intensity whilst still giving

good coherence perpendicular to

the biprism.

Because of the poor optics of electron lenses in general, the coherence of electron

waves quickly deteriorate when they venture from the optical axis. Therefore

coherence can be increased by decreasing the size of the condenser aperture

and/or diverging the electron beam using the condenser system. Unfortunately,

this will also lower the beam intensity. Small beam intensities lead to long

recording times, which decreases the image quality due to non-linearities in
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the recording system. Therefore a compromise needs to be made be between

image intensity and beam coherence. For the Jeol 2010f specifically, we use the

intermediate condenser aperture (20µm) and diverge the electron beam as to

fill the entire viewing screen. This leads typically to image intensities between

100 and 200 counts for observation times of 20s.

A better compromise between intensity and coherence can be reached when is

realized that the coherence only needs to be high in the direction perpendicular

to the electron biprism [44]. We can take advantage of this fact by making a

highly elliptical beam such that the long axis of the ellipse is perpendicular to

the biprism, this is illustrated in Fig. 3.2. Unfortunately, for the Jeol 2010f

the possible eccentricity of the illumination is limited for the low magnification

modes that were used in this chapter.

3.3 The biprism

In Sec. 1.1 we gave a brief introduction to the electron biprism. In the present

section we will discuss more in depth the various experimental parameters and

their impact on obtainable image resolution.

3.3.1 Fringe spacing

The spatial resolution that can be obtained in a hologram is directly determined

by the fringe spacing δ. In Eq. (3.4) we gave an analytical expression of the

Fourier transform of a hologram. The spectrum consists of a center band and

two side bands centered around q = ±qc, where qc = 1/δ. The original object

wave is then reconstructed by applying a numerical aperture of radius qm to

one of the sidebands and inversely Fourier transforming the result. The max-

imum allowable size of the aperture is determined by how well the sidebands

are separated from the center band. For strongly scattering objects the radius

of the center band is twice the size of the sideband [45, 46]. Therefore the max-

imum allowable aperture size is qm = qc/3, meaning that the size of smallest

detail that can be resolved is 3δ. Following Ishizuka [45] we illustrate this in

Fig. 3.3. For weakly scattering objects this criterion can be relaxed and we can

use qm = qc/2. To avoid aliasing effects each fringe needs to be sampled four

times[44].



3.3. The biprism 55

Figure 3.3: Illustration of the spectrum of a hologram, the side bands are

centered around qc = 1/δ where δ is the fringe spacing. For strongly scattering

objects the size of the center band is twice the maximal obtainable frequency

qm, giving a maximum qm = qc/3.

3.3.2 Fringe visibility

The fringe spacing δ is related to the biprism voltage Ub by the relation

δ= 1

qc

= λ

2β
= α

Ub

, (3.1)

where the deflection angle β is given by Eq. (1.10) and α is a constant particular

to the biprism. The fringe visibility µ is defined as

µ= Imax − Imin

Imax + Imin

, (3.2)

where Imin(Imax) is the minimum(maximum) fringe intensity. An analytical

solution for the visibility is given in Ref. [14] but it is a rather complicated

expression. In general we can say that an increase in biprism voltage (a de-

crease of the fringe spacing) leads to a decrease in fringe visibility. An increase

in biprism voltage increases the angle β and therefore the width of the inter-

ference pattern expands. But because of the limited spatial coherence of an

electron beam this leads to a decrease in visibility.

The visibility is an important parameter because it determines the accuracy

with which the phase φ can be determined from the hologram. The precision

with which the phase can be measured is given by [47]

var(φ)= 14

µ2Ne

, (3.3)
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where Ne is the total number of electrons detected. As a general rule a visibility

of at least µ= 1/3 is advised to obtain good experimental results.

3.4 The reference hologram

In the discussion of section 1.3 we gave a simple treatment of the hologram for-

mation in off-axis electron holography. However, this treatment was somewhat

idealized as it disregarded aberrations. In section 1.2 we discussed the iso-

planic lens aberrations (like e.g. the spherical aberration) which are a function

of the spatial frequency only. In practice the most important parameters, such

as the spherical aberration constant are known and we can therefore compen-

sate for these aberrations in the reconstruction process. Besides the isoplanic

aberrations there are also geometric distortions which are a function of the po-

sition in the image plane only. These distortions can be caused at any place in

the imaging system including the image recording system. The effect of these

distortions in normal TEM is very limited but in holography it can lead to mis-

interpretations of the reconstructed hologram [47]. In Fig. 3.4(a) we show a

reference hologram taken using the experimental setup described at the start

of this chapter. From the reconstructed phase shown in Fig. 3.4(b) it is clear

that there is an erroneous phase change of nearly 2π across the image .

The effect of the distortions can be modeled by a phase modulation term θ(r,q)

[13, Ch.6] so that the intensity of the hologram becomes

I(r)= |ψr +ψo|2 = 1+ Ao(r)2 +2Ao(r)µcos(2πq ·r−φo(r)−θ(r,q)), (3.4)

where µ is an additional factor to take into account partial coherence. The

reference hologram then becomes

I(r)= 2+2(r)µcos(2πq ·r−θ(r,q)). (3.5)

From Eq. (3.5) it is clear that after reconstruction of the reference hologram we

obtain θ(r,q). We can then compensate for θ(r,q) by merely subtracting it from

the reconstructed hologram.
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(a) (b)

Figure 3.4: (a) Reference hologram including a line profile along the interfer-

ence fringes. The biprism voltage in this case was 50V. (b) Phase shift obtained

from the reconstructing the hologram of (a).

In Sec. 1.3 we described how the phase is recovered from a hologram. The

crucial step to perform this procedure in an automated fashion is to find the

centre of the sideband. This centre being the frequency corresponding to qc in

Eq. (3.4). A criterion is to take the spatial frequency with the largest amplitude

in the spectrum. However, in general qc is not necessarily the dominant fre-

quency. Therefore it is important to supply a reference hologram so that qc can

be determined accurately, a failure to do so can lead to misinterpretation of the

hologram. In Fig. 3.5 we demonstrate the importance of the reference hologram,

we reconstruct a theoretically computed hologram using the software package

Holoworks [48]. It is clear that misdetermining qc gives after reconstruction a

dramatically altered phase when compared to the true phase.

3.5 Phase unwrapping

The phase is only defined up to an integer multiple of 2π. The phase obtained

from the procedure in Sec. 1.3 will result in a phase in the domain φ ∈ [−π,π].

When the phase varies more then 2π there will appear in the phase map dis-

crete jumps from +π to −π. There are several algorithms to remove these dis-

crete jumps, the most simple algorithm is to scan the phase map for jumps

larger then some threshold and then add 2π to the phase at these locations.
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However, when the data is noisy or when the phase gradient is larger then 2π

then this algorithm will fail.

An alternative method is to compute a second image where the phase has been

shifted by an amount γ [47]. This image will have the phase jumps at a different

location. The phase jumps in the original image can then be removed by using

the values from the second image (after subtracting the factor γ).
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Figure 3.5: Demonstration of the importance of the reference hologram in the

reconstruction of electron holograms. (a) Phase of a uniformly magnetized slab

of dimensions 2048× 2048× 16nm calculated numerically. (b) Hologram ob-

tained by incorporating the phase of (a) in Eq. (3.4) (c) Spectrum of (b). (d)

Reconstruction of (b) using Holoworks [48], the mismatch with (a) is caused by

incorrectly choosing the centre of the sideband in (c).
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3.6 Experimental results

In this section we apply the experimental procedure given in this chapter to

some example materials.

(a) (b)

(c)

Figure 3.6: Through focus image series of a ferromagnetic Fe94N5Zr1 film.

3.6.1 Ferromagnetic films

The domain structure in ferromagnetic films is ideally suited for characteriza-

tion using electron holography. The phase change along domain walls is such

that they give distinct phase patterns that can be interpreted directly. In Chap-
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ter 5 we give a number of examples of common domain wall structures.

Because in holography the phase is always recorded relative to a reference wave

the sample needs to contain a hole so that part of the electron beam can travel

through vacuum. The electron biprism is then rotated so that it is parallel to

the edge of the sample. The experimental procedure is then as outlined in this

chapter. First a reference hologram is made in vacuum. The film is then moved

approximately halfway into the field of view. To image the large scale domain

structure a relatively low magnification is used during the experiment. In our

case we typically used a field of view of 1µm with a fringe spacing of 20nm

corresponding to a biprism voltage of 50V.

As an example we will now consider a Fe94N5Zr1 film. In Fig. 3.6 we show a

through focus structure image of a region on the film. This material is fer-

romagnetic and an earlier holographic study of this material is reported in

Ref. [49]. In Fig. 3.7 we show a reconstructed hologram of a region on the film.

To interpret this hologram we construct a model of the magnetization distribu-

tion and then use the numerical methods of chapter 2 to generate a numerical

phase map for comparison. The result of this procedure is shown in Fig. 3.8.

The model explains the main features of the experiment clearly.

(a) (b)

Figure 3.7: (a) Hologram of a ferromagnetic Fe94N5Zr1 film. (b) Reconstructed

phase.
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Figure 3.8: (a) Model of the magnetization distribution of Fig. 3.7 (b) Phase

map computed from the model

(a) (b)

Figure 3.9: (a) Hologram of a ferromagnetic Fe94N5Zr1 film. (b) Reconstructed

phase.

In Fig. 3.9 we show a second example hologram for a case in which the magnetic

field extends far outside the film. We did not attempt to construct a model for

the magnetization distribution. However, it is clear that the phase map con-

tains complex features. For routine application the iterative procedure of creat-

ing a model, calculating a numerical phase map and then refining this model is

time consuming. On a 3ghz penthium 4 computer we found that one iteration

typically took 15 minutes. The applicability of holography would greatly benefit
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from an automated algorithm to infer the magnetization distribution. We leave

this project for future research.

Figure 3.10: Cobalt clusters embedded on a Si3N4 membrane.

3.6.2 Magnetic clusters

As a third example, we will consider a film containing Co clusters embedded

on a Si3N4 ammorphous membrane. The Co clusters were produced by gasious

condensation CITE. In Fig. 3.10 we show a structure image of a region on the

film. The typical size of the Co clusters is between 40−50nm but as shown in

Fig. 3.10 larger clusters ranging up to 80−90nm are also present. For hologra-

phy the small cluster size gives a technical problem. As the clusters are mag-

netic the holography has to be performed using the objective mini-lens (low-mag

mode), thus with the objective lens switched off. This is necessary because the

large magnetic field of the objective lens, which is of the order of 1T, would

align the magnetization of the clusters out of plane so that it becomes parallel

to the electron beam. As discussed in chapter 2 in electron holography only

the components of the magnetization perpendicular to the electron beam can

be resolved. In the low-mag mode typically we have a fringe spacing of around

20nm (depending on the biprism voltage). As noted previously in this chapter,

approximately three fringes per detail to be resolved are necessary. Therefore

we can only make a rough estimation of the phase distribution.

In our sample there was no hole in the membrane and therefore both reference

and object beam pass through the sample. Because the Si3N4 membrane is

neutral it will not contribute to the relative phase. However, the absence of
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a reference beam through vacuum does have a negative effect on the fringe

visibility. It was necessary to lower the biprism voltage somewhat to increase

the fringe visibility. All holograms in this section were taken using a biprism

voltage of 40V which corresponds to a fringe spacing of 23nm.

In Fig. 3.11 we show a hologram of a region of the film. At markers A and B

we see a centro symmetric phase pattern. This phase pattern is similar to the

electric phase shift due to a sphere with mean inner potential V0. The phase

shift in this case, as was shown in Sec. 2.1.1, is given by

φe(x, y)= CeV0tp, (3.6)

where Ce is a parameter that depends on the accelerating voltage and tp the

sample thickness. For 200kV electrons Ce = 7.288×106J−1m−1. Using Eq. (3.6)

we extract a height map for the particles at markers A and B, the result being

shown in Fig. 3.12. Here we used that the mean inner potential of cobalt is

Vco = 26V [42]. From Fig. 3.12 it is clear that the particles are similar to oblate

spheroids. The height map is also remarkably smooth, this possibly is a result

of the reconstruction process. During the reconstruction a numerical aperture

is applied to one of the sidebands of the hologram. This aperture effectively

acts as a Fourier smoothing filter, where the amount of smoothing depends on

the fringe spacing.

At marker C of Fig. 3.11 we see a pattern similar to that of a dipole. The ex-

pected structure in this case would be a uniformly magnetized sphere. However,

from Sec. 2.5.2 it is clear that the pattern in Fig. 3.11 is not similar to that of

magnetized sphere. To get some insight we compute the total magnetic moment

from the phase gradient. This procedure is discussed in detail in Sec. 4.2.3. We

find that mx =−1.7873×10−23J/T and my = 3.5388×10−23J/T. If this were due

to a magnetized sphere of radius 35nm (measured particle size) then the mag-

nitude of the magnetization would be M = 0.2T. In Ref. [50] the magnetization

of cobalt is reported to be Mco = 0.14T.
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(a) (b)

(c)

Figure 3.11: (a) Hologram of Co clusters, the fringe spacing is 23nm (b) Phase

shift extract from hologram in (a), the particles at markers A, B and C are

analyzed in the main text. (c) The phase shift from (b) amplified 8 times.
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Figure 3.12: Height distribution of particles at markers A and B from Fig. 3.11

computed using Eq. (3.6).

3.6.3 Discussion

From Sec. 3.6.1 it is clear that the Jeol 2010F is well suited to perform hologra-

phy with ferromagnetic films. In chapter5 we will review a number of common

domain structures. These kind of structured can be classified easily using elec-

tron holography as they generate distinct phase patterns. In the general case

where the magnetization distribution is not one of these known structure we

have found it time consuming to interpret the hologram. Unfortunately numer-

ical algorithms to directly infer the magnetization distribution from the phase

distribution do not exist at this time. Such algorithms would greatly enhance

the utility of electron holography. In chapter 4 we discuss the inversion problem

further.

In the case of the Co nanoparticles discussed in Sec. 3.6.2 we found that our ap-

paratus was ill suited for this application. The problem being the large fringe

spacing due to the necessity to use the objective mini lens. However, even with

these limitations we were still able to infer quantitative data from the holo-

grams. Because of the low resolution the accuracy of these results can be ques-

tioned, but they can still serve as an estimate for the true values.

To overcome the limitation of the microscope we suggest two solutions. Using

the free lens control it is possible to use both the objective lens and the mini

lens at the same time. By varying the strength of both lenses one can obtain ar-

bitrary magnification and fringe spacing [51]. By weakly exciting the objective

lens one can reduce the fringe spacing without interfering with the magnetic

orientation of the clusters. In this scheme it is not only necessary to manually
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control the objective lenses, but also the projection system needs to be manu-

ally controlled. A second solution would be to use one of focus variation inline

methods discussed in Sec. 1.2.

3.7 Discussion

In this chapter we demonstrated how the phase maps which we described in

Chapter 2 are obtained experimentally using off-axis electron holography. In

particular we focused on performing electron holography using the Jeol 2010F.

There are several issues for the discussion concerning precision and resolu-

tion [13, 26, 47]. Actually, precise measurements of the phase of the exit-surface

wave may require several correction procedures, which can be implemented us-

ing digital image processing. First, phase unwrapping is necessary and in most

cases a simple phase algorithm, based on the detection of discontinuities in

the primary value of the phase, is sufficient to obtain the correct phases [48].

This procedure has been employed in this thesis work. Second, absolute phase

measurements can be obtained by using the phase in a region showing vac-

uum as a reference. In the case of nanostructured FeZrN this methodology has

been followed [26] but not for the Co nanosized clusters. In principle geomet-

ric distortions of the projector lens system can be corrected using a reference

hologram recorded in the absence of a specimen [13, 47].

Another contribution affecting the precision has to do with noise. The noise lim-

its the measurement precision and depends entirely on the number of electrons

collected from the region in which the phase is to be measured. Electron holo-

grams are usually recorded with low to medium electron dose which can lead

to phase measurements with significant errors due to shot noise. Errors can

be minimized by sensible choices of particularly the excitation of the first in-

termediate lens, magnification, biprism voltage and measurement time. These

parameters have to be optimized in future studies on the nanosized clusters. In

general we may say that statistical errors can be further reduced by averaging

techniques, however, most likely at the expense of spatial resolution. In prac-

tice the absolute mean inner potential can be measured within 0.1 V accuracy.

Nevertheless, we should realize that a mean inner potential is a bulk property,

and information cannot be interpreted at resolutions approaching length scales

of a couple of unit cell sizes of the crystal without including the effects of diffrac-

tion on the phase. On the spatial resolution we may conclude that the detection

limits in off-axis electron holography are determined by a certain trade-off be-
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tween precision (see above) and spatial resolution. The variance in the phase

is inversely proportional to the measurement area. Since the dimensions of the

measurement area can be considered to correspond to the spatial resolution, it

implies that the precision of the phase measurement is inversely proportional

to the spatial resolution. For measurement of small phase differences, such

as surface steps in thin films, the typical resolution in practice will be about

2− 10nm. If large phase differences occur, for example at heterogeneous in-

terfaces, larger phase errors can be tolerated and materials properties can be

studied with spatial resolutions as low as 1nm.
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