
Lawrence Berkeley National Laboratory
Recent Work

Title
AEM WITH A CONVERGENT BEAM

Permalink
https://escholarship.org/uc/item/3618q6fh

Authors
Sarikaya, M.
Thomas, G.

Publication Date
1984-07-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3618q6fh
https://escholarship.org
http://www.cdlib.org/


-'J'·. ~: 
. - . ,. I r ... ~ ~ 

uc..-3 7 
LBL-18340 

Lawrence Berkeley Laboratory 
RECEIVED 

UNIVERSITY OF CALIFORNIA BERKElAWRENCE . 
lEY LA8 co, 

Materials & Molecular 
Research Division 

Nuv 1 1984 

liBRARy AND 
DOCUMENTS SECTION 

Presented at the AEM - Workshop in Microbeam 
Analysis Society Conference, Lehigh University, 
Bethlehem, PA, July 16-22, 1984 

AEM WITH A CONVERGENT BEAM 

M. Sarikaya and G. Thomas 

July 1984 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

c-_ I 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of Californi~. 



MAS84 

,.. AEM WITH A CONVERGENT BEAM 

Mehmet Sarikaya and Gareth Thomas 

Dept. of Materials Science and Mineral Engineering, and National Center 

for Electron Microscopy, Lawrence Berkeley Laboratory, University of 

California, Berkeley, California 94720 

Introduction 

Convergent Beam electron diffraction is one of the methods used to perform 

analytical microscopy and crystallography (symmetry> analysis. In this 

paper, we will describe the utilization of this technique in various 

applications and present some recent findings. Although new-generation 

microscopes provide smaller electron probes, it is possible to use old

generation microscopes to produce smaller probes than the manufacturer's 

claims, and even to use non-probe forming microscopes to form fair-sized 

probes for CBED or micro-diffraction. Here we present the relationships 

between lense currents (objective and condensor•2) in changing convergence 

angle and probe diameter. Another variable important in-quantitative 

spectroscopy and metallography in TEM/STEM is the thickness of the foil in 

r 



the area of observation; in addition we will present some refinements 

which were made to more accurately measure foil thickness by CBED. 

Method 

One of the most significant advances made in Transmission Electron 

Microscopy during th~ past decade (and it,still continues to be so) was to 

provide microscopes with the ahility to form small-diameter electron 

probes. This development made it possible to perform high spatial-

resolution analytical microscopy in STEM/TEM equipmen~ This opened up 

a new stream of research in spectroscopic analysis, especially in energy 

dispersive x-ray analysis. The main impact this had on crystallography 

was to provide the possibility of performing isolated electron 

diffractions from very small regions2- 4• This, coupled with the tilting 

capabilities in the scope, made possible very complicated symmetry 

analysis, lattice parameters, and strain measurements in very small 

regions, guided by the theories and refinements made in dynamical 

diffraction and electron diffraction symmetry analysis5- 7 . 

There are two parameters important in diffraction with a convergent beam: 

one is the electron probe diameter, with a suff.icient amount of current 

" density, and the other is the convergence angle (Fig. 1). A small probe 

• 

in a TEM/STEM arrangement is achieved by first increasing ClL <lst 1.-

condenser lens) current (usually limited to four or five steps) and then 

focusing the beam further by increasing the C2L current while the foil is 

at eucentric height and the TEM image is in focus (i.e., OL-objective 
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lens-current is fixed). In the STEM mode, the C2L is turned off, a pre

determined probe is selected by ClL clicks, and the probe is focused with 

the aid of the highly-excited pre-objective field, producing a focused 

probe which is an order of magnitude smaller than the one attained in TEM. 

For diffraction studies, one would like to operate the microscope in the 

TEM mode because of the ease of operation during tilting {e.g., the 

angle of tilt and movement of the diffraction pattern across the 

reciprocal space is easily recognizable). In STEM diffraction, although 

discrete small probes are obtained, since the convergence angle is too 

large (0<.> 30 mrads), the diffraction discs overlap, making any analysis 

difficult, if not impossible. Therefore, what is desirable in diffraction 

studies (also in spectroscopy) is the ability to obtain any probe size, 

depending on the immediate need during the operation of the scope in TEM 

mode. This is possible by changing the C2L and OL currents relatively in 

a controlled manner. Fig. 2 shows hypothetical curves which relate C2L 

and OL currents and the relationship between d and ex with respect to 

OLC, respectively. These reaationships are not usually provided by the 

electron microscope manu-facturers, and they are very usefull during the 

operation 8• 

The graphs which show the relationships between discrete values of ClL 

excitation with C2L excitation, and the corresponding probe sizes are 

presented in figure 3a and b, respectively, for an early version of 

Philips EM 400. The relationship betweeen C2L and OL currents is plotted 

in Fig. 4a for discrete values of ClL settings for the same microsdope 

after it was fitted with free C2L control. Convergence angles which vary 

greatly are also plotted in figure 3b, approaching the values obtained in 
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the STEM mode. This means that the electron probe diameter is decreasing. 

In order to obtain sufficient separation between the diffraction spots it 

may be necessary to change to a smaller CA (condenser aperture>. The 

above currents were obtained when the foil was at eucentric height. One 

can raise the foil or lower it to acquire the curves plotted in Fig. 5 and 

to obtain ranges of larger alpha (smaller d) and larger d (smaller ex ) 
values, respectively. 

It is possible to achieve a smaller electron probe in any microscope even 

without the TEM/STEM arrangement (i.e., no objective prefield is used for 

probe forming) provided both Cl and C2 lenses cover large ranges of 

current values. Figure 6 presents .the ClL and C2L current values with the 

apparent electron probe diameter measured in a Philips EM 301 (100 KV). 

Micro diffractions from areas as small as 800 1 diameter are ~eadily 

possible with this microscope, which does not have STEM capability. 

Applications 

PHASE IDENTIFICATION IN AN IRON-QXIDE MAGNET: Iron-oxide magnets are used 

for magnetic recording units (e.g., cassette tapes) and are usually 

manufactured using a process which involves oxidation of FeO to Fe 2o 3 and 

then reduction of thi-s to mainly ¥-Fe 2o 3
9• It is the high coercivity of 

the t-Fe2o3 crystals which provides the desired magnetic properties, and ~ 

any0\-Fe 2o 3 (rhombohedral) particl_es, which may also be present, are 

undesirable. t-Fe 2o 3 crystals have an elongated shape and are aligned 

along their long axes (Figure 7). The determinations to be made are the 
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following9 : whether the O-Fe203 are single crystals or polycrystals; the 

specific direction of the long axes of the crystals; the distribution of 

(7\-Fe 2o3, if there is any; and the symmetry of the 0 -Fe203. 

The results of the diffraction analysis performed indicate that the 

particles are single crystals with size 30-50 nm by 200-500 nm with long 

axes parallel to <llO>f. The diffraction experiments wereperformed on 

isolated particles, such as the one shown in figure 7a, and it was 

necessary to use a small enough electron probe to cover the width of the 

particle. This was accompli~hed by utilization of the free lense control 

without causing difficulty in tilting. A number of Z.A.P.'s were taken 

<see, e.g., figure 7c) and it was determined that the particles have·· 

spinel structure. It was necessary to change the convergence angles' ·.~ 

either by adjusting C2C and OLC or by changing the condenser apeture, or; 

both, to avoid disc-overlap in the diffraction pattern while retaining the· 

maximum symmetry information carried within each disc. Figure 7b and c 

show two different conditions corresponding to different lense exitations 

in [0011 Z.A. orientation. Similar symmetry analyses which were performed 

with different Z.A.P.' s indicate that the 0 -Fe2o3 crystals indeed have 

spinel structure. No (X.-Fe 20j particles were observed so far. 

PHASE IDENTIFICATION IN AN Mn-Al-C MAGNET: Mn-Al-C alloys are used for 

permanent magnet applications10 • Extrusion is the most effective means of 

developing a deformation texture which coincides with the easy axis of 

magnetization. However, this process introduces some problems which 

deteriorate the magnetic properties. A different technique, rapid 

solidification processing via melt-spinning, introduces a new 
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non-magnetic phase in the Mn-Al-C system, which then transforms to 

ferromagnetic tau-phase upon annealing at 400-600 degrees c11 • The 

problem here is to determine the crystal structure of this new phase. X

ray diffraction studies indicate that the crystal structure is a hexagonal 

disordered phase, with lattice parameters very similar to those obtained 

by water quenching11• This can be misinterpretted; the phase in the RSP 

ribbons can be mistaken for the high temperature Epsilon-phase. CBED 

studies show that this is in fact a new ordered phase. 

High symmetry microdiffraction patterns reveal the existence of 

superlattice reflections. By indexing the patterns and searching for the 

extinction conditions, the space group of the crystal structure can be 

assigned as either P6 3 mc or P(6/m)mc, depending on whether or not the 

crystal is centrosymmetric. To distinguish between the two cases, CBED 

was used to elucidate Friedel's law; it is impossible to tell the 

difference bet ween the structure factors jFhkll and 1Ffi£Il by XRD in non

centrosymmetric crystals, when the anomalous diffraction is very small. In 

a crystal with an inversion center, each dark field disc, for a reflection 

+g, is related to the dark field -g disc by the operation 2R; a rotation 

through 180 degrees about its own center. Figure 8a is a [00011 Z.A.P. +g 

and -g symmetry analysis (figures 8 band c) shows that there is only a 

two-fold symmetry. The crystal is not centrosymmetric. These results 

indicate that the space group for this new phase is P63mc. 

Another approach is to use the r e 1 at ion s h i p bet w e en the 3 2 p o in t groups 

and 31 diffraction groups 7 • As seen in figure 8a, both the whole pattern 

and the central disc have 6mrn symmmetry. This limits the diffraction group 
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to 6mm or 6mmlR. To distinguish between the two, it is necessary to see 

the sy.mmmetry of the disc at the Bragg condition (figure Sa, e.g.). This 

reveals only mirror (m} symmetry, rather than 2mm, giving a 6mm 

diffraction group. Referring to Tables II and III of reference 7, the 

crystal point group is identified as 6mm, that is, there is no inversion 

• center. 

/ 

SYMMETRY ANALYSIS OF O-PRECIPITATES IN AN Al-Ag SYSTEM: The Al-Ag system 

is an age hardening system which has been studied extensively as a model12 

for other similar eutectic sys~ems such as Al-Cu alloys which are heavily 

used in applications which require a high strength-to-weight ratio13 • Heat 

treatment procedures follow the regular sequence of first annealing the 

alloy in the Al-ri~h solid solution region, quenching, and then heating it 

up to a certain temperature in the two-phase region for aging, to allow 

the formation of coherent precipitates, which then become semi-coherent 

before transforming into equilibrium precipitates. Al-Ag is an 

experimental system in which the precipitate growth is readily 

controllable. Recent research14 with high resolution electron microscopy 

has shed new light on the mechanism of formation and growth of 

semicoherent 0' transition precipitates (hcp>. The present study is part 

of that on-going research and the purpose is to establish the space group 

of ~· precipitates, which has hitherto been unknown, utilizing CBED. 

In order to make sensible CBED analysis, the matrix contribution to 

diffraction should be kept at a minimum, if not totally eliminated. With 

this in mind, precipitates were extracted in a 5% solution of Na(OH}. In 

/ 
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the present analysis, a sample which was aged at 350 C for 2 hrs was used. 

Since the contamination rate was high because of the carbon support film, 

a liquid nitrogen cooled double tilt holder was used. 

The steps taken in the analysis basically followed the instructions given 

by the references 6-7, and 15-17. As seen in CBED pattern in figure 9b 

(taken from the indicated region in 9a) the whole pattern in the oth order 

and 1st order Laue zones indicate 6-fold symmetry. BF disc also confirms 

6-fold symmetry <not clear in figure 9hl. This gives many possibilities 

for the space group; 177 to 182, and 191 to 194. A number of experiments 

were performed to test for the forbidden reflections and additional 

symmetry elements. For example, for 11~1 ( the condition for hh2hl, where 

1=2n+l) revealed strong line of zero intensity (Gj¢nnes-Moodie line15>. A 

four-beam pattern taken about [11041 Z.A. shown in figure lOb reveals a 

central mirror line in 1120 (for hh2hl, where 1=2n) confirming the 

structural two-fold axis. This and the other results strongly suggests 

that 0' precipitates, under the heat treatments mentioned, have P63/mmc 

space group. 

A detailed analysis of this study will be given elsewhere, including 

similar analyses made for Ti, and an experimentally prepared Ag2Al 

standard as comparisons18 • It is also intended to perform similar 

analyses on precipitates extracted after different aging treatments to 

ascertain any changes in the symmetry during the aging process. 

8 
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EXPERIMENTAL ASSESMENT OF FOIL THICKNESS MEASUREMENT BY CBED 

USING DIFFERENT METHODS 

Accurate knowlege of foil thickness is required when performing 

quant it at ive metallography (e.g., defect or precipitate distribution) or 

analytical microscopy in a TEM. Among other techniques, CBED provides 

better accuracy with high spatial resolution. The accuracy depends on the 

approximations made for the diffraction condition and the spatial 

resolution, which primarily depends on the electron probe size. There are 

two methods used to determine foil thickness (t); the Ackermann method19 

and the Kelly method 20 , where both depend on two-beam dynamical theory, 

which relates the minima in intensity oscillation in the diffracted beam 

to t 21 ; 

1. 'l. 2 '2.. 
S i + ( 1/ ~ g> t = nk ••• (1); 

where si is the deviation of the minimum from the central fringe, y g is 

the extinction distance for the reflection g, and nk is a whole number to 

be determined by trial. It remains controversial which formulation of 

this is least sensitive to systematic or random measurement errors in the 

two beam dynamical theory. 

The above equation was.f~rst derived by MacGilavry 21 and was first used by 

Ackermann, who noted that t and g can be obtained from the slope and the 
2. 2 intercept, respectively, from a plot of si vs. nk. Versions of this 

approach were used by other researchers, for example references 22-23. The 

method described by Kelly, which has become standard, uses a slightly 
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different form of the same equation, namely 
2. 2. '2. 2 

(si/nk) + <l+nk) (1/lg> = 1/t ••• (2) 

Here <si/nkf is plotted against (l/nk> 2 and t is determined from the 

intercept of the straight line (determined for the correct k value) with 
2 

the (si/nk) axis (note that k=i+j, where j is the largest whole number 

less than }g/t). Allen 24 noted that the accuracy of linear regression • 

could be improved by including the maxima, as well as the minima, which 

also helps to compensate for the deviation from the two-beam 

approximation. The Kelly method has been evaluated for accuracy25 - 26 , but 

no theoretical or experimental analysis of the errors in the Ackermann 

method has yet been presented. Here we would like to present some 

preliminary results on the accuracy of the two methods. 

0 . 0 
High purity Si. Cdc, a = 5.3902 A) and Fe (bee, a= 2.886 A) were chosen for 

analysis, partly because most of the previous work has been performed on 

Cu (fcc). CBED petterns were recorded under different two-beam diffracting 

conditions to recognize the effects of g. 

From the statistical point of view, the slope should be less sensitive to 

errors than to the intercept. Therefore, the Ackermann plot should provide 

better accuracy. Systematic errors in the two-beam dynamical approximation 

and random errors in the measurement of si infuluence the t values 

obtained by either method. The largest systema~ic error associated with 

the two-beam approximation is the upward shift in the si values due to 

anomalous absorption 25 - 26 • The displacement si decreases rapidly with 

increasing s, so the largest error, which may be as high as 15%, is 

associated with the first rninimum 20 • However, the maxima are shifted 
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towards s=O, so if both the maxima and the minima are used for the least 

square fit, this error decreases rapidly27 • 

Measurement error is also greatest in the first minimum, since its 

absolute value is small. Hence, it is desirable to minimize the 

sensitivity of t determination to the value of s 1 , and to minimize its 

sensitivity to measurement errors in general. Figure 11 shows the result 

of the effect of altering the value of S 1 on t for Fe by both methods. It 

is clear from this plot (and many other similar plots made for iron and 

silicon for different reflections) that the Ackermann method is less 

sensitive to variations in s 1• The thickness determined by the Kelly 

method will be altered siginificantly by the measurement error alone. The 

worst case of about 25% error 25 in s 1 would alter the Kelly value by about 

2.5%, but the Ackermann value would only be altered by· less than 1%. 

A practical problem with both methods is determining the correct value for 

j. The Ackermann method requires the knowlege offg from other sources 

since lines are straight for all j. In theory, in the Kelly method, only 

the plot which gives a straight line corresponds to the correct value of 

j. Therefore, with the latter method, effectivefg values can also be 

determined (detailed results on the effect of s 1 and use of different g 

values onjg are discussed elsewhere27>. 

SUMMARY 

The results described here (and in ref 27) indicate that both methods 
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should be applied if a precise analysis is required .. This can be easily 

accomplished by computer calculation, since both methods use the same raw 

,data. The Kelly method allows the proper value of j to be determined. 

It also provides a good estimate of the effectivefg. Once the correct 

value of j has been determined, the Ackermann method may be used to obtain 

more precise thickness value. 
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Figure Captions 

.1. Scematic drawing showing a cross-sectional view of the ray-paths for 

different lens excitations in a TEM/STEM instrument (broken lines for 

higher objective lens excitation) • 

2. Hypothetical curves shoving the relations C2C vs. blC, electron probe 

diameter,d, vs. OLC, and convergence angle,~, v.s. OLC. 

3. The relationship between (a) ClC and C2C and (b) d and ClC, without 

using free lens control (Philips EM 400). 

4. The relationship between (a) C2C and OLC, and (b) ()(and OLC at 

different ClL excitations, using free lens control. 
/ 

5. The relationship between <a> C2C and OLC, and (bl C(and OLC at 

different specimen height settings. E denotes the eucentric height, H 

higher position and L lower position. 
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6. The relationship between the ClC and C2C in a Philips EM 301. The 

corresponding probe sizes are also indicated by the broken line. 

7. (a) BF image of o-Fe203 particles, lined .up end-on-end. (b) and (c) 

[001] Z.A. CBED patterns· taken at different C2L and OL current 

excitations. In figure (c)the convergence angle is small enough to prevent 

disc overlap, while the probe diameter is large, causing axtensive forward 

scattering. 

8. CBED pattern in [00011 Z.A. orientation revealing 6-fold symmetry in 

the BF disc and in the whole pattern. (b) and (c) are conjugate 

excitations at the Bragg conditions for +g and -g, showing that these 

reflections are related with two fold rotation only. 

9. (a) BF image of carbon-e-xtracted 0' precipitate. (b) [00011 

Z.A.P •. showing the 6-fold symmetry both in zeroth order and first 

order Laue zones. 

10. (a) Ul04J Z.A.P. (b) Four-beam pattern near Ui04J revealing 

the symmetry elements in different diffraction discs. 

11. Comparison of the effect of the variation si on thickness determined 

by the Kelly (K) and the Ackermann (A) methods. Thickness calculated for 

maxima for Fe, g=301. 
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