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ABSTRACT 

 
Lattice-fringe fingerprinting in two dimensions (2D) 

is demonstrated for a nanocrystal from a mixture of 
magnetite and maghemite. The mainly inorganic subset 
of the Crystallography Open Database (COD) provides 
the theoretical lattice-fringe fingerprints that are needed 
for the identification of the crystal phase. 
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INTRODUCTION 
 

For a variety of reasons, see. e.g. [1], a “whole new 
crystallographic world” is waiting to be discovered in the 
nanocrystal realm. To aid such discoveries image-based 
nanocrystallography in high-resolution phase contrast 
transmission electron microscopy (HRTEM) [1-8] and 
atomic resolution scanning transmission electron 
microscopy (STEM) [9] have been proposed. Lattice-
fringe fingerprinting in two (2D) [1-5] and three (3D) 
dimensions [2,6-8] are straightforward applications of 
such image-based nanocrystallography techniques.  

STEM images typically show scan aberration 
artifacts such as distortions in the resolved spatial 
frequencies, resulting in distortions in the angles between 
lattice fringes. These distortions can, in principle, be 
corrected for each individual STEM operated under its 
typical imaging conditions [10]. Lens aberration 
corrected TEMs, e.g. [11], allow for sufficiently thin 
crystals the retrieval of the Fourier coefficients of the 
projected electrostatic potential at the sub-Ångström 
length scale and represent a novel type of crystallo-
graphic instrument in support of both electron 
crystallography [12,13] and image-based nanocrystallo-
graphy [1-8]. The enhanced viability of image-based 
nanocrystallography in such microscopes has been 
illustrated by model calculations [6,7]. 

Enabled and encouraged by the Crystallographic 
Information File (CIF) [14-16] standard of the 
International Union of Crystallography, members of the 
international crystallographic community are developing 
open-access databases [17-20]. The Crystallography 
Open Database (COD) [17,18] is the result of such 
efforts. It is growing rapidly and currently comprises 
more than 50,000 entries. 

There are, thus, complementary developments by 
different communities to address structural questions 
within the nanocrystal realm. In order to contribute to 
these developments and to promote lattice-fringe 
fingerprinting in 2D [1-5], we will identify in this paper 
the crystal phase of an individual nanocrystal from a 
mixture of nanocrystalline magnetite (Fe3O4, space 
group: Fd3m, origin at 43m), a = 0.832 nm, [21]) and 
maghemite. The latter is an important material for the 
magnetic recording and magnetic fluids industries 
[22,23] (as well as a topotactic oxidation product of 
magnetite).  

Depending on the statistically ordered distribution of 
iron vacancies within the spinel prototype, maghemite (?-
Fe2O3) crystallizes either in space group P4132 or P43212. 
While the above mentioned cubic crystal phase of 
maghemite possesses a lattice constant of 0.833 nm, one 
of the three lattice parameters is trice as long in the 
tetragonal crystal phase [22]. There is also a quasi-
hypothetical cubic maghemite phase with space group 
Fd3m, (origin at the center, 3m), with a = 0.833 nm [22]. 
The iron vacancies within the spinel prototype are in that 
crystal phase randomly distributed, but such a 
distribution seems to be seldom realized [22]. 

The relative phase contents of mixtures of magnetite 
and maghemite nanocrystals are almost impossible to 
quantify by standard laboratory based powder X-ray 
diffraction techniques because these iron oxide phases 
can form metastable solid solutions and their lattice 
constant are rather similar. In addition, the average grain 
size in our sample is on the order of a few tens of nm. 
For the effect of average grain size of maghemite 
nanocrystals on powder X-ray (Cu-Ka) diffraction pattern 
see, e.g. [23]. It is interesting to note that while grain 
sizes of tens of nm to a few nm make powder X-ray 
diffraction less useful to useless for crystal phase 
identification, they have exactly the opposite effect on 
the feasibility of lattice-fringe fingerprinting of 
nanocrystals because lattice fringes become visible over a 
wider angular range [2].  

The phase content of our magnetite/maghemite 
mixtures can, therefore, in principle, be quantified on the 
basis of lattice-fringe fingerprinting in 2D. A 
representative number of individual nanocrystals would 
need to be processed and for that to be practical, the 
method would need to be automated. Such automation is, 
however, technically feasible with the current generation 
of computer controlled TEMs.  
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It has been known for more than a quarter of a 
century that lattice parameters can be derived from lattice 
fringes with an accuracy of up to about 0.01 % [24-26] 
(where axial imaging conditions need to be employed 
[27]). Obtainable statistical precisions are for lattice 
constants on the order of 0.2 % [26] and for the  
(intersecting) angles between reciprocal lattice vectors 
(net-plane normals) on the order of 0 .2 ° [25].   

The lattice constants of nanocrystals with diameters 
between ten and one nm, on the other hand, may be 
contracted (or expanded) by a fraction of a percent, e.g. 
[23], up to a few percent at worst (for the very smallest 
crystals) due to free-energy minimization effects in the 
presence of a large surface areas [28]. It is also known 
that many nanocrystals possess surface and near surface 
areas that are highly distorted with respect to the bulk 
crystal structure. Anatase nanocrystals of less than about 
2 nm may, for example, not possess a core region that 
corresponds to the bulk lattice structure [29]. For our 
method to be practical, the nanocrystals should, 
therefore, be on the order of a few to a few tens of 
nanometers.  

 
LATTICE-FRINGE FINGERPRINTING 

PROCEDURE 
 

HRTEM images, e.g., Fig. 1a were recorded from 
our magnetite/maghemite sample (with a magnification 
of 240,000 times) at a Philips  EM 430ST operated at 300 
kV [30]. The point resolution of this microscope is 0.19 
nm. In other words, information in reciprocal space out 
to 5.26 nm-1 is for this microscope directly interpretable 
in the weak-phase object/kinematic approximation when 
images are recorded at the Scherzer (de)focus.  

The images were digitized (at 2400 pixels per inch 
[30]) and convoluted with a Hanning window [3] in order 
to reduce streaking in the subsequent calculation of a 
Fourier transform employing Gatan’s Digital Micrograph 
software. The inverted Fourier transform power spectrum 
of Fig. 1a is displayed as Fig. 1b.  
 

  
 

Figure 1: HRTEM data from an iron-oxide nanocrystal 
(a) image as obtained, (b) processed image.  
 

Employing a scripted user-written program [3] in 
Digital Micrograph and the formulae given in ref. [31] 
for sub-pixel interpolation, the length of reciprocal lattice 
vectors and their intersecting angles were derived. The 

experimental lattice-fringe fingerprint plot, Fig. 2, was 
derived from these data. There is a one-to-one 
correspondence of the location of the data points in Fig. 2 
and the circled data points in the theoretical lattice-fringe 
fingerprint plot for magnetite (in the kinematic limit), 
Fig. 3. No such correspondence between experimentally 
derived data and predicted data exists for either one of 
the theoretical lattice-fringe fingerprint plots of the 
“vacancy ordered maghemites” (in the kinematic limit).  
 

experimental lattice-fringe fingerprint plot from a 
magnetite/maghemite nanocrystal mixture  
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Figure 2: Experimental lattice-fringe fingerprint plot 
(intersecting angle versus spatial frequency of lattice 
fringes). Data points with spatial frequency higher than 
that of the microscope’s point resolution are omitted. 
 

 
 

Figure 3: Theoretical lattice-fringe fingerprint plot of 
magnetite (in the kinematical limit) on that basis of the 
data in ref. [21]. The data points that match their 
experimental counterparts in Fig. 2 are circled. The 
families of reciprocal lattice vectors (net planes) that 
correspond to these data points are labeled. 
 

The theoretical lattice-fringe fingerprint plots were 
calculated on-line from CIFs that are part of the mainly 
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inorganic subset [19,20] of the COD [17,18].  
Approximately 10,500 CIFs, their three-dimensional 
visualization, and corresponding theoretical lattice fringe 
fingerprints are accessible freely over the internet from 
this subset [19], Fig. 4. For candidate structures, searches 
can be performed with Boolean constraints for elements 
absent and/or present and the strict number of elements 
present. 
 

 
 

Figure 4:  Home page of the mainly inorganic subset 
[19,20] of the COD [17,18]. 
  

 
 

Figure 5: Indexed Fourier transform power spectrum of 
the HRTEM image in Fig. 1a. The microscope’s point 
resolution, 0.526 nm-1, is marked approximately by the 
dotted circle. Spatial frequencies beyond this limit are 
given next to the respective spot’s label.  
 

After the identification of the crystal phase from a 
range of candidates, the Fourier transform power 
spectrum of a nanocrystal can be indexed, Fig. 5. The 
Fourier transform of the HRTEM image can also be 

scrutinized more thoroughly to ensure that the crystal 
phase identification has been correct and unambiguous.  

Within the weak-phase object/kinematic approxi-
mation, the latter can be done by an extraction of the 
Fourier coefficients of the projected electrostatic 
potential [12]. Note that these coefficients are directly 
proportional to the crystallographic structure factors, 
which in turn depend on the atomic arrangement within 
the unit cells and can be calculated from the CIFs of the 
mainly inorganic   subset [19,20] of the COD [17,18]. In 
addition, there is always the possibility of comple-
menting the information that was extracted in 2D with 
information that is gathered by image-based nano-
crystallography in 3D [2,6-8]. 
 

SUMMARY AND CONCLUSIONS 
 

Lattice-fringe fingerprinting for the identification of 
the crystal phase of a nanocrystal has been demonstrated 
on a sample with industrial relevance. An open-access 
database that supports this method was also mentioned.  

Because the presented analysis has been done only at 
the lattice geometry and kinematic extinctions levels, an 
unambiguous distinction between a nanocrystal of the  
magnetite phase and one of the above mentioned quasi-
hypothetical cubic maghemite (with the same space 
group and almost the same lattice constant) cannot be 
made. It might, however, be possible that the extracted 
Fourier coefficients of the projected electrostatic 
potential are for both crystal phases sufficiently different 
to allow such a distinction.  

We conclude that our method is entirely feasible and 
also amendable to automation. When automated, the 
crystal phase content of mixtures of nanocrystals can be 
analyzed both qualitatively and quantitatively.  
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