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ABSTRACT

New needs in determining the crystallography of nanocrystals arise with the advent of science and engineering on the
nanometer scale. Direct space high-resolution phase-contrast transmission electron microscopy (HRTEM) and atomic
resolution Z-contrast scanning TEM (Z-STEM), when combined with tools for image-based nanocrystallography
possess the capacity to meet these needs. This paper introduces such a tool, i.e. fringe fingerprinting in two dimensions
(2D), for the identification of unknown nanocrystal phases and compares this method briefly to qualitative standard
powder X-ray diffractometry (i.e. spatial frequency fingerprinting). Free-access crystallographic databases are also
discussed because the whole fingerprinting concept is only viable if there are comprehensive databases to support the
identification of an unknown nanocrystal phase. This discussion provides the rationale for our ongoing development of
a dedicated free-access Nano-Crystallography Database (NCD) that contains comprehensive information on both
nanocrystal structures and morphologies. The current status of the NCD project and plans for its future developments
are briefly outlined. Although feasible in contemporary HRTEMs and Z-STEMs, fringe fingerprinting in 2D (and
image-based nanocrystallography in general) will become much more viable with the increased availability of
aberration-corrected transmission electron microscopes. When the image acquisition and interpretation are, in addition,
automated in such microscopes, fringe fingerprinting in 2D will be able to compete with powder X-ray diffraction for
the identification of unknown nanocrystal phases on a routine basis. Since it possesses a range of advantages over
powder X-ray diffractometry, e.g., fringe fingerprint plots contain much more information for the identification of an
unknown crystal phase, fringe fingerprinting in 2D may then capture a significant part of the nanocrystal metrology
market.
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1. INTRODUCTION

The market for nanomaterials is expected to rise from $900 million in 2005 to $11 billion in 2010'. The impact of
nanomaterials will be larger than their immediate total material value and is estimated to be over $340 billion in 20107,
As any technology requires its own specific metrology, nanomaterials science and engineering need nanometrology in
order to result in industrial products.

Classical (i.e. non-aberration corrected) transmission electron microscopy™* (TEM) and scanning TEM>® traditionally
provide structural, chemical, and morphological information for thin crystals. Non-aberration corrected medium
acceleration voltage (200 - 400 kV) HRTEM® and Z-STEM>® provide 2D projections of the 3D electrostatic potential
energy distribution within crystals with a directly interpretable spatial resolution in the range of 0.2 - 0.136 nm. The
latter spatial resolution (0.136 nm) is frequently demonstrated on {004} Si “dumbbells” in <110> orientations® and the
former (0.2 nm) is being considered as the point(-to-point or Scherzer) resolution limit from which on a TEM may be
considered to constitute a dedicated phase-contrast HRTEM®.

The Scherzer resolution is commonly defined as = 0.74/C.4’ | where A is the electron wavelength and Cj is the spherical

aberration coefficient of the objective lens. (Although the resolution of a TEM is specimen dependent when the object
is crystalline, we will for simplicity use below the point resolution of the instrument as defined above by Scherzer’s
formulae.) Especially for non-aberration corrected TEMs with field emission guns, the information limit (which is
determined by the overall stability of a microscope) can be much smaller than the Scherzer resolution and is given by
the inverse of the maximally transferred spatial frequency, gax-

Due to the tiny size of nanocrystals, well established electron crystallography characterization methods that are based
on dynamic electron scattering effects, such as convergent beam electron diffraction with 100 to 400 kV electrons
(CBED), can not satisfy the above mentioned need. This is because the CBED disks are largely devoid of their fine
structure®, which made them so useful for crystallographic analyses, when the nanocrystal diameter is on the order of
10 nm. Image-based nanocrystallography’"°, on the other hand, requires kinematical electron scattering conditions and,
therefore, works well for nanocrystals.

For both conceptual and practical reasons, we typically restrict the application of image-based nanocrystallography
tools to the point resolution of the microscope. In standard phase-contrast HRTEM, this resolution is defined as the
reciprocal value of the crossover of the contrast transfer function at the Scherzer (de)focus (—\/E ) of the microscope.

At this resolution, electron phase contrast images of weak-phase objects'® or pseudo-weak-phase objects'” can be
considered to constitute projections of the electrostatic potential of the transmitted crystal, the imaging process is
essentially linear, and the electrons scatter essentially kinematically, resulting in a directly interpretable structure
image. For specimens of medium atomic weight and medium acceleration voltages, structure images with the correct
positions and spacings of the atoms, but not the correct intensity of both heavier and lighter atoms, may be obtained for
sample thicknesses of up to several nm."®

If not removed by the objective aperture in contemporary (non-aberration corrected) HRTEM, spatial frequencies larger
than the reciprocal value of the point resolution of the microscope may be present in the image, but are not reliably
transferred (i.e. can be absent) since the contrast transfer function oscillates beyond this resolution (resulting in zero
contrast transfers at several spatial frequencies). The information beyond this resolution is, in addition, delocalized and
complicates the image interpretation. Hence, we typically exclude it conceptually and practically by the application of
an objective aperture of +/2.4/1/C_ rad.

Then the objective aperture restriction ensures that the HRTEM image-based nanocrystallographic analyses which
employ tools such as the one reviewed in this paper, give reliable results that are readily and directly interpretable.
Similarly, in Z-STEM imaging, the point(-to-point) resolution is that where the projection of the electrostatic potential
of the sample is convoluted with the so called “Scherzer electron probe”. Thicker nanocrystals can reliably be analysed
here without a contrast reversal in the image, because the imagining process is essentially incoherent. In addition, there
is chemical contrast proportional to approximately the square of the atomic number in Z-STEM images.

In the first part of this paper, we introduce the concept of fringe fingerprinting’"'' in 2D and present theoretical fringe
fingerprint plots of several nanocrystal ensembles (i.e. gold, a-manganese, barium, silicon, atomically ordered CuAu,
and two of the titania polymorphs) in their most basic form. At the end of the first part of this paper, fringe
fingerprinting in 2D is briefly compared to standard qualitative powder X-ray diffractometry (i.e. spatial frequency
fingerprinting). Crystallographic databases are discussed in the second part of this paper because the whole
fingerprinting concept is only viable if there are comprehensive databases that support the identification of an unknown
nanocrystal phase. This discussion provides the rationale for our ongoing development of a dedicated Nano-
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Crystallography Database (NCD) that will contain comprehensive information on both nanocrystal structures and
typical morphologies. The current status of the NCD project and plans for its future developments are briefly discussed
at the end of the second part of this paper.

The word fringe is typically used in physics for any periodic light or dark band produced by diffraction, scattering, or
interference of electromagnetic or matter waves. We use fringe here for periodic contrast variations in HRTEM or Z-
STEM images (and are not interested in the intensity of HRTEM fringes). For structures where there is just one atom at
a lattice point, fringes are also lattice fringes within the crystallographic definition of a lattice. For structure where there
is more than one atom at a lattice point, fringes are the projections of crystallographic planes on which atoms reside.
The super-linearly increased viability of image-based nanocrystallography in (either) 2D (or 3D) with improved
directly interpretable point resolution®'*'* around 0.1 nm (as nowadays routinely obtainable by spherical aberration
corrected objective lenses'”*®) and well below 0.1 nm (as prospectively obtainable by combining spherical aberration
corrected objective lenses with either electron gun monochromatization, in-column electron energy filtering, or
chromatic aberration correction) will be demonstrated briefly in the final part of this paper on sub-stoichiometric WC,
nanocrystal ensembles.

2. FRINGE FINGERPRINTING IN TWO DIMENSIONS

As a high-resolution conceptual extension to certain aspects of variable coherence microscopy’’ and fluctuation
microscopy”®, fringe fingerprinting in 2D was recently proposed by Philip Fraundorf and co-workers.”!" Angular
covariance plots, which may also be called “fringe fingerprint plots”, represent in their most basic form a plot of visible
interfringe angles of crossed fringes versus the respective reciprocal lattice spacings of these fringes. Analyzing a single
Au nanocrystal in a femto-laser treated gold-polymer nanocomposite® in HRTEM mode, Figs. 1a and 1b, with a
microscope that possesses a point resolution of 0.19 nm, the experimental fringe fingerprint plot shown in Fig. 2a was
obtained. While for cross-fringes with different spacings, there are two data points in fringe fingerprint plots, the
crossing of two symmetrically related fringes (which possess by symmetry the same spacing) results in just one data
point, see annotation in Fig. 2b.

Below we show examples of theoretical fringe fingerprint plots for ensembles of gold, a-manganese, barium, silicon,
atomically ordered CuAu, and polymorph titania nanocrystals in their most basic form for a range of point resolutions,
Figs. 2b, 3a,b, 4a-d, and S5a,b. As mentioned above, the criterion for a fringe being visible here is that its spatial
frequency is reliably transferred to the HRTEM or Z-STEM image, i.e. that its fringe spacing is larger than the point
resolution of the microscope. Comparing Fig. 2b with Figs. 3a and 3b, i.e. fringe fingerprint plots for the same
nanocrystals with increasing point resolutions, it is obvious that fringe fingerprint plots become significantly more
“characteristic” with improved point resolution. By “characteristic” we mean both the total sum of information in a
fringe fingerprint plot and where exactly the individual data points are located. Fringe fingerprint plots also contain
space group information such as the “signatures” of translation lattice types, glide planes, and screw axes in projection.

Because all possible interfringe angles are the same for all cubic crystals, space group information, can, as a matter of
principle, be derived from their fringe fingerprint plots. The presence or absence of data points in a fringe fingerprint
plot of a cubic crystal is, therefore, characteristic of its translation symmetry. Primitive space groups without screw
axes and glide planes possess for example no “systematic absences” in fringe fingerprint plots. Since the systematic
elucidation of this idea is rather complex, we will deal with it elsewhere and present here with Fig. 3a and Figs. 4a-c
only illustrations of this idea. For convenience, point resolutions have been chosen for each of these four fringe
fingerprint plots that result in just the first three reciprocal lattice spacings being given in each plot.

A comparison of Fig. 3a with Fig. 4d, i.e. two plots for the same point resolution for nanocrystals that have 50 % of
their atoms in common, reveals an effect of atomic ordering in alloys with the face centered cubic crystal structure (e.g.
Au and Cu) on fringe fingerprint plots. It is obvious that the atomically ordered CuAu phase (Fig. 4d) possesses, due to
its lower symmetry, a more characteristic fringe fingerprint plot than Au (Fig. 3a). Figs. 5a and 5b, finally, show fringe
fingerprint plots for the two titania polymorphs rutile and brookite. Again the lower symmetric brookite possesses, for
the same point resolution of the microscope, the more characteristic fringe fingerprint plot. (Note that the unit cell of
brookite is also much larger).

More elaborate fringe fingerprint plots than those given in Figs. 2b, 3a,b, 4a-d, and 5a,b may contain in the third
dimension histograms of the probability of seeing crossed fringes in an ensemble of nanocrystals. The equations for
calculating such probabilities for an ensemble of randomly oriented nanocrystals are given in ref.”. From these
equations, it is also possible to calculate the tilt range over which any cross-fringe will be visible for a particular
nanocrystal thickness. This allows on the experimental level for both the determination of the nanocrystal thickness®
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and a strategy for collecting more experimental data for fringe fingerprinting in 2D. One simply tilts an ensemble of
nanocrystals in random directions by several degrees in order to record more images that show crossed fringes.

Another type of more elaborate fringe fingerprint plots may contain the angular and spatial frequency ranges over
which the fringe crossings/zone axes are visible. These ranges will be functions of the nanocrystal thicknesses.
Foreshortening projection effects, e.g. fringe spacings appearing shrunk by a factor of cos y in the direction
perpendicular to the tilt axis, will be larger the smaller the nanocrystals are. This is because fringe crossings/zone axes
will7 be visible over a wider angular range (y) for smaller nanocrystals, as can be calculated from the equations given in
ref.”.
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Figure 1: Experimental images for fringe fingerprinting of a femto-laser treated gold nanocrystal in a gold-polymer
nanocomposite.” The nanocrystal orientation is close to the <110> zone axis. The 200 kV FEI Tecnai G* F20 UT microscope at the
National Center for Electron Microscopy, Lawrence Berkeley National Laboratory, with a point resolution of 0.19 nm was
employed. (a) phase-contrast image where the inset is the Fourier transform power spectrum of the marked area; (b) magnified
Fourier transform power spectrum of the 64 nm” inset from (a) with measured interfringe angles. The faint dark lines are guides for
the eye.
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Figure 2: (a) Experimental fringe fingerprint plot for the gold nanocrystal that is marked in Fig. 1a. Data that are shown in Fig. 1b
were used to derive this plot. The large error bars on the special frequency measurements are due to the preliminary nature of this
investigation®; (b) Basic theoretical fringe fingerprint plot for gold, space group Fm3m, a = 0.408 nm, point resolution 0.19 nm. The
theoretical data points (open circles) are explained by annotations and pointed to by arrows. For simplicity we plotted only
intersection angles that are smaller than or equal to 90°. A fringe fingerprint plot for the complementary angles, i.e. angles equal to
or larger than 90° has essentially the same information content.
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Figure 3: Basic theoretical fringe fingerprint plot for (a) gold, space group Fm3m, a = 0.408 nm, point resolution 0.14 nm (as
obtainable in Z-contrast STEM mode with the FEI Tecnai G* F20 UT microscope at the National Center for Electron Microscopy in
Berkeley); (b) point resolution 0.07 nm (as obtainable in high resolution phase contrast mode with a C,-corrected FEI Titan 80-300
microscope), only the first three columns of data points are indexed as they are clustering strongly for higher spatial frequencies.
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Figure 4: Basic theoretical fringe fingerprint plot for (a) a-manganese, space group [43m, a = 0.891 nm, point resolution 0.3 nm;
(b) barium, space group Im3m, a = 0.501 nm, point resolution 0.19 nm; (c¢) silicon, space group Fd3m, a = 0.543 nm, point
resolution 0.16 nm; (d) CuAu(-I) (tetragonal, “/, = 0.93 for order parameter n = 1), i.e. the (001) atomically ordered solid solution in
this material system, space group P 4/mmm, a = 0.396 nm, ¢ = 0.367 nm, point resolution 0.14 nm.
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Figure 5: Basic theoretical fringe fingerprint plot for the titania polymorphs (a) rutile, space group P 4,/mnm, a = 0.459 nm, c =
0.296 nm; (b) brookite, space group P bca, a=0.918 nm, b = 0.546 nm, ¢ = 0.514 nm; both for point resolution 0.19 nm.

Although fringe-spacing projection foreshortening effects are rather small (e.g. misorientations of up to 5° would result
in a foreshortening factor range of 0.9962 to 1 depending on the direction of the fringe spacing with respect to the tilt
axis), more elaborate fringe fingerprint plots could incorporate such effects. Similarly, interfringe (and interfacial)
angle projection foreshortening effects can be incorporated in more elaborate fringe fingerprint plots (or readily
corrected for’). Systematic experimental errors in fringe fingerprinting are due to frequently observed nanocrystal
shape anisotropies.’” Fortunately, these errors are typically small in comparison to random measurement errors*, so that
they can frequently be neglected.

The utility of basic and more advanced theoretical fringe fingerprint plots is founded in them being a rather specific
characteristic for an ensemble of nanocrystals against which experimental data from HRTEM or Z-STEM images can
be directly compared for the identification of unknown nanocrystal phases. Although somewhat different in their
information content**, basic and more advanced fringe fingerprint plots are in their outlay similar to powder X-ray (or
electron) diffractograms, where scattered intensity (or the probability of detecting scattered electrons or X-ray photons)
is plotted on the ordinate and two times the corresponding scattering angle and/or spatial frequency is plotted on the
abscissa(s), Fig. 6.

2 3 4 5 : 7 Y )
350
E e —Rutile
=977 Brookite
E 2004
g 200:
E 150:
E 10t|:
= so]
o_: T T T T a T T
20 30 40 a0 B0 70 a0 a0

Z Theta [degrees]

Figure 6: Experimental powder X-ray diffraction curve (scattered X-ray intensity or X-ray photon counts in the detector versus two
times scattering angle on the bottom abscissa, scattered intensity versus spatial frequency on the top abscissa) of a mixture of rutile
and brookite nanocrystals®®, Co Kay,, radiation, the peaks are marked on the basis of the well known Powder Diffraction File
database. Most of the peaks of the rutile phase are indexed.

It has been said that powder diffractograms/spatial frequency plots represent “two-dimensional data™, i.e. scattered
intensities and magnitudes of lattice spacings. The first of these “dimensions” depends partly on the experiment and the
second is characteristic to the phase of the unknown crystal, i.e. experiment independent. Obviously, with respect to
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“diffractometry fingerprint plots” such as Fig. 6, already the most basic fringe fingerprint plots, Figs. 2b, 3a,b, 4a-d,
and 5a,b, which do not contain information on experiments, possesses “extra dimensions” that are characteristic to the
unknown crystal phase. These “extra dimensions” are the magnitudes of any acute angles between any two crossing
reciprocal lattice vectors and information on the magnitudes of any two reciprocal lattice vectors that cross each other.
When compared (in the same spatial frequency range®** to powder diffractograms), fringe fingerprint plots, thus,
contain much more crystal structure specific information for the unique identification of nanocrystals. Moreover,
image-based nanocrystallography in 2D delivers morphological information in addition to structural information.

Since the basic idea of fingerprinting is that all one needs to do in order to identify some unknown object is collect
characteristic information from the object and compare this information with the information that is stored in a
comprehensive data base, we discuss free-access crystallographic database for the identification of unknown crystal
phases in the following section. This discussion will show that there is a need to develop a dedicated database with
“nanocrystal specific information” to support both fringe fingerprinting in 2D and image-based nanocrystallography in
general.

3. FREE-ACCEESS CRYSTALLOGRAPHIC DATABASES

Fifteen years after the development of the World Wide Web, there is already a variety of internet based free-access
crystallographic databases. In this part of the paper we discuss the subset of free-access databases that deals with
inorganic crystals. Only those databases are discussed that offer unrestricted and anonymous access.

The database MINCRYST* is maintained and hosted by the Russian Academy of Sciences and contains more than
6,000 entries for minerals from which X-ray powder diffractograms can be calculated on the fly. 3D visualizations of
the entries are provided by means of the java-based freeware program “Jmol”.*® The Naval Research Laboratory’s
Center for Computational Materials Science provides an on-line database for education and research support under the
name “Crystal Lattice Structures”.’” Currently this database contains 254 entries in 90 space groups. 3D visualizations
of the entries are also provided by Jmol™ applets. In both of these databases, files can neither be downloaded nor
uploaded by the general public. The “Reciprocal Net™® is a distributed database of molecular structures and its main
web site is hosted at Indiana University at Bloomington. Crystallographic Information Files**** (CIFs), e.g. Fig. 7a,
for approximately 400 common molecules (and crystal structures) are downloadable by the general public. 3D
visualizations of these common molecules (and crystal structures) are provided by a range of Java based applets.

The on-line American Mineralogist Crystal Structure Database (AMCSD) was erected in 2003 and contains more than
8,000 critically evaluated entries.”>* Files can be downloaded from this database in CIF format. A range of PC based
freeware programs for, e.g., the visualization of crystal structures (XtalDraw) and for the calculation of powder X-ray
and neutron diffractograms (XPow), is available for downloading from the AMCSD site at ref.*'. The database is
maintained under the care of both the Mineralogical Society of America and the Mineralogical Association of Canada.
Ref.* states that approximately 75 % of the manuscripts that were submitted to the journals “American Mineralogist”
and “Canadian Mineralogist” possess errors of one sort or another. For comparison, ref.* states that about 40 % of the
CIFs submitted for inclusion into the commercial Cambridge Structural Database contain errors that arise mainly from
the manual editing of these files by their authors. The critical evaluation of data to be included in a crystallographic
database is, therefore, a major concern for both commercial and free-access databases. This might be one of the reasons
that no provisions for uploading data to the AMCSD are provided.

Records of approximately 31,000 full crystal structure determinations in the form of CIFs are freely accessible on line
at the Crystallography Open Database (COD).”* This data base was also started in 2003 and is rapidly growing as
more and more crystallographers and scientific institutes/societies/academies donate their collections of CIFs and
upload them over the internet so that anybody with access to the World Wide Web can access them. The COD also
contains all the data sets that are in the AMCSD. The long term objectives of the COD initiators are summarized on
their web page** as: (i) providing free access to comprehensive crystallographic data (including the atomic coordinates)
on all known inorganic, metallic, organometallic, and organic crystalline compounds and (ii) complementing the
existing commercial databases (which typically specialize on only one or two classes of crystals and contain in addition
to crystallographic information a range of physical properties). Another major concern of the COD initiators is
supporting crystallographers in emerging countries.

By providing the opportunity to check rapidly and early on in an investigation (i.e. already after the cell parameters
have been determined) if the structure of the particular crystal under investigation has already been solved, the COD
also helps increasing the productivity of structure determinations. To insure a high quality of the data entries, the policy
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of the COD is that only those CIFs that result from structure refinement software can be uploaded. Over the main web
page of the COD™, a subset database of more than 1,500 entries of predicted crystal structures is accessible under the
acronym PCOD for “predicted COD”. The PCOD database allows for the visualization of polyhedra or wire frames
employing the free program “CosmoPlayer”.*’

As a complementary project with a similar philosophy to both the COD and the AMCSD, the nanocrystallography
group at Portland State University started in 2005 the Nano-Crystallography Database (NCD) project.*® Since both
structure and morphology of nanocrystals are crucial to their physical properties, the NCD will be collecting entries on
both the full structures (including atomic coordinates) and the typical morphologies of inorganic crystals in the form of
CIFs. The information on the typical crystal morphologies for nearly 1,300 phases that are collected in the
“Bestimmungstabellen fiir Kristalle”*’ will be the first to be included in the NCD. Because many electron microscopists
work on rather simple inorganic structures, we will write and upload CIFs to support their work. A good starting point
for this are the descriptions of the 161 full structure determinations (i.e. atomic coordinates, space group, and unit cell
parameters) in the second edition of Wyckoff’s classical reference book “Structure of Crystals”.*® To insure a high
quality of the data entries, we provide a comprehensive on-line syntax check for CIFs.* The International Union of
Crystallography also provides a complimentary on-line check of CIFs.”® Only those CIFs that pass both tests will be
uploaded to the NCD.

The NCD is being developed to support image-based nanocrystallography, i.e. methods that determine ideal and real
structures and morphologies of nanocrystals from transmission electron microscopy images, in general. This is because
after an ensemble of nanocrystals is for example fingerprinted in 2D and the crystal phase identified, the electron
microscopist may like to index the faces of the nanocrystals, derive the tracht, and give a description of the habit.
Visualizations of the entries in the NCD in three dimensions are, therefore, crucial. For a start, we provide 3D
visualizations by means of Jmol*® applets for the structural information*’ that is contained in the entries of the COD,
Figs. 7b, and 8. Next we will work on providing 3D visualizations of the morphological information that will be
contained in the entries of the NCD. We plan to use the program “XMorph™' for the latter purpose.
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Fig. 7: Screenshots of (a, left) the Crystallographic Information File (CIF) of As,AuKs, displayed by the free program “enCIFer”
*&&&%. (b, right) the opening screen of the website that facilitates the free accesses to our local version of the Crystallography Open
Database (COD). Searching this database for the simultaneous presence of Au and K in a structure results currently in 6 entries of

which the As,AuKj structure is displayed in Fig. 8.

Fig. 8 shows the 3D visualization of one unit cell of the As,AuKjs structure in Jmol. As with any Jmol*® applet, one can
zoom into the display of the atomic arrangement. A range of tools that allow, for example, for the measurement of
distances between atoms or the bond angles between three atoms, are also provided. The actual visualization of a COD
database entry in three dimensions is facilitated by turning the displayed atomic arrangement, e.g. Fig. 8, around three
mutually perpendicular axes.

We are also writing software that calculates basic and more elaborate theoretical fringe fingerprint plots on the fly for
the entries in the NCD for arbitrary directly interpretable image resolutions. A wide range of help files will clarify core
crystallographic concepts so that the NCD can also be used for class room instructions, self study on structures and
morphologies of nanocrystals, and other educational purposes.
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Figure 8: Screenshot of the visualization of one unit cell of the As,AuKs structure® (also a record of a moment in time - Monday
August 29, 12:30 - of the development of the NCD46).

4. VIABILITY OF IMAGE-BASED NANOCRSTALLOGRAPHY

As Figs. la,b and 2a,b demonstrate, image-based nanocrystallography by means of fringe fingerprinting in 2D is
possible with the current generation of TEMs. It will, however, be much more viable in aberration-corrected TEMs, see
Table 1 and refs.*'*'*. (Being able to see and analyze more reciprocal and direct lattice vectors in the same unit of
orientation space also lessens the necessary angular range of the specimen goniometer for the application of other
image-based nanocrystallography tools such as fringe fingerprinting in 3D and transmission electron goniometry.*'*'%)
Note that when the spherical aberration of the objective lens of a TEM is reduced to zero, directly interpretable
(amplitude contrast) structure images, which arise from electron channelling, become possible'®. For a C, on the order
of 50 um (when a CEOS spherical aberration corrector is retrofitted to a FEI/Philips CM 200 FEG ST), directly
interpretable phase-contrast structure images with minimized contrast delocalisations are also possible.”” It is such
images which are required with preference for other branches of image-based nanocrystallography, e.g. discrete atomic
resolution tomography** and transmission electron goniometry when the shape of a nanocrystal is to be elucidated. For
C,= y Fat the resolution of an aberration-corrected TEM is equal to the information limit of the microscope."’
With FEI company’s Titan 80-300 microscope™?®, a C, of a few pm is readily obtained by means of extensive
computer support (even at an industrial exhibition hall at an international conference!>), and both the Scherzer and the
Lichte (de)focus are on a routine basis nearly indistinguishable from the Gauss focus. As long as the nanocrystals are
thin enough to approximate reasonably well to weak phase objects, directly interpretable structure projections of the
electrostatic potential of the transmitted crystals can be readily obtained with this new generation of TEMs, Table 1.
When the image acquisition and interpretation in such a microscope are in addition automated, fringe fingerprinting in
2D will become so fast that it can compete on a routine basis with qualitative X-ray powder diffraction for the
identification of unknown nanocrystal phases. It may then capture a significant part of the nanocrystal metrology
market, which can be forecast to be in the billions of dollars range (as implied by the first two sentences of the
introduction to this paper).
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Directly Spherical aberration coefficient Cs | Total number of resolved lattice plane | Total number of visible zone axes

interpretable |of objective lens [mm], FEI Co. spacings (magnitudes of reciprocal (lattice fringe crosses, projections of

image microscope example (objective lattice vectors) and their indices types | direct lattice vectors) and their indices

resolution lens type) within the stereographic triangle [001]-  [within the stereographic triangle [001]-

[nm] [011]-[111] [011]-[111]

0.19 0.5, Tecnai F20 UT (Ultra Twin lens) |2, i.e. {111}, {200} 2,i.e.[001], [011]

0.12 =0, Tecnai F20 ST with Cs corrector |23, i.e. {111}, {200}, {220}, {311} 23, i.e.[001], [011], [111], [112], [013],
(Super Twin lens) [114], [125], [233]

0.07 =0, Titan 80-300 with Cs corrector > 24, i.e. {111}, {200}, {220}, {311}, {331}, |> 24, but highly indexed zone axes are
(Super Twin lens) {420}, {422}, {511}, {631}, {442} less characteristic

Table 1: Total number of resolved lattice plane spacings and visible zone axes as a function of directly interpretable image
resolution for sub-stoichiometric WC,_, nanocrystals. Spherical aberration coefficients for three state-of-the-art TEMs from FEI
Company with these point resolutions are also given. When we take, in a purely phenomenological manner, the total number of
resolved lattice plane spacings in one stereographic triangle, third column, as measure of the feasibility of fringe fingerprinting in
2D, there is a strongly super-linear increase in feasibility with improvements in directly interpretable image resolution. (Even for
crystals with small lattice constant such as Au, Fig. 3b, or WC/_,, the data points in fringe fingerprint plots have a strong tendency to
cluster when lattice spacings below 0.1 nm are resolved. Because of this clustering, these data points are less characteristic for fringe
fingerprinting purposes to identify unknown nanocrystals.)

CONCLUSIONS

Fringe fingerprinting in two dimensions is experimentally feasible and possesses for nanocrystals a range of advantages
over standard powder X-ray diffractometry. As for any kind of fingerprinting, the method needs support from a
comprehensive database of previously collected or calculated fingerprints. Since such a novel database shall support
image-based nanocrystallography in general, it will also contain morphological information. In short, a dedicated Nano-
Crystallography Database (NCD) is in the process of being erected on the basis of the Crystallography Open Database
(COD), sharing the COD’s philosophy of free access for everyone over the internet. Visualizations in three dimensions
of both the nanocrystal structure and morphology will be integral parts of the NCD. Since the NCD will be mainly used
by the transmission electron microscopy community, we will make sure that over time most of the predominantly
inorganic nanocrystals this community is working on become part of this database. Although feasible with the current
generation of TEMs, fringe fingerprinting in two dimensions (and image-based nanocrystallography in general) will
become much more viable in future aberration-corrected transmission electron microscopes.
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rays are scattered by the electron cloud as such. The atomic scattering factors are, therefore, quite different for both kinds of
scattering, resulting in the intensity distribution of powder electron and X-ray diffraction curves being distinctly different as well.
What we are interested in here is, however, not these differences, but the general idea of plots of probability of detecting scattering
events versus spatial frequency.

*** As far as spatial frequencies are concerned, the fringe fingerprint plot in Fig. 3b (for a point resolution of 0.07 nm) actually
reaches further out in reciprocal space, i.e. reveals smaller lattice spacings, that the powder X-ray diffractogram in Fig. 6.
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