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Abstract: Electron diffraction tomography is a power-
ful emerging method for the structure characterization 
of materials available only as sub-micrometric grains. 
This technique can in fact deliver complete 3D informa-
tion from a single crystal of few hundreds or few tens of 
nanometers, allowing the analysis of polyphasic or poly-
typic mixtures that generally cannot be fully addressed 
by X-ray methods. In this paper, we report and discuss 
three mineralogy-related study cases where electron dif-
fraction tomography was the only way for achieving a 
proper description of the sample, by the identification 
and the structure determination of all the phases or all 
the polytypes within. We also show how electron diffrac-
tion tomography and dynamical refinement can be com-
bined for finding accurate atomic positions and localizing 
hydrogen atoms at room conditions. Finally, we stress the 
future potential of this method in the fields of mineralogy 
and experimental petrology, where till now many samples 
cannot be properly described because nanocrystalline, 
polyphasic or disordered. Electron diffraction tomography 
can be used for detecting unexpected or unknown phases 
in high-pressure synthetic yields or for the characteriza-
tion of fine rocks formed under extreme conditions, like 
impactites or meteorites. Eventually, this method allows 
the structure characterization of single domains that are 
ordered only at the scale of few cell repetitions, and there-
fore it makes possible investigating those materials at the 
borderline between crystalline and amorphous matter 
and delivers crucial and unique elements for the under-
standing of the first stages of solid matter organization.

Keywords: electron diffraction tomography; experimental 
petrology; hydrogen atoms; nanomaterials; order-disor-
der sequences; polytypism.

Introduction
The discovery that X-ray elastic scattering can be used to 
determine the periodic atomic arrangement in solid-state 
matter has greatly modified our view of Nature and mate-
rials and may indeed be addressed as one of the major 
cultural and scientific revolution of the last century. Since 
then, crystallography significantly contributed to speed 
the scientific and technological development Human has 
experienced till nowadays in materials science, solid-state 
chemistry, physic of matter, pharmaceutic, biology and 
Earth sciences. Shortly after X-ray diffraction had become 
a routine technique for atomic structure determination, 
other short-wavelength radiations, like accelerated neu-
trons and electrons, were found to be elastically scat-
tered by atoms. In particular, accelerated electrons were 
soon recognized of two main strengths: (i) they have a 
Coulomb interaction with matter, which is at least three 
orders of magnitude stronger than X-ray in terms of scat-
tering amplitude, with obvious advantages for light atoms 
detection; (ii) they can easily be deflected by electromag-
netic lenses and therefore focused in nano-sized probe 
and/or recombined to form direct-space images, with a 
resolution orders of magnitude greater than visible light 
microscopes.

This second aspect has allowed, starting from 1932 [1], 
the manufacturing of transmission electron microscopes 
(TEM). Nowadays, after almost one century of engineering 
developments, TEM can deliver direct-space images with 
picometric resolution. Still, atomic-resolution images, 
either obtained in conventional high-resolution trans-
mission electron microscopy (HRTEM) or in high-angu-
lar annular dark-field scanning-transmission electron 
microscopy (HAADF-STEM), normally require an intense 
illumination of the sample. This high electron dose causes 
a fast deterioration (radiation damage) of many classes 
of materials, like organics, biological tissues, water-con-
taining or water-structured materials, porous frameworks. 

*Corresponding author: Enrico Mugnaioli, Center for 
Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia, 
Piazza San Silvestro 12, 56127 Pisa, Italy,  
E-mail: enrico.mugnaioli@iit.it
Mauro Gemmi: Center for Nanotechnology Innovation@NEST, 
Istituto Italiano di Tecnologia, Piazza San Silvestro 12, 56127 Pisa, 
Italy

Brought to you by | Scuola Normale Superiore di Pisa
Authenticated | enrico.mugnaioli@iit.it author's copy

Download Date | 3/9/18 12:48 PM



164      E. Mugnaioli and M. Gemmi: Single-crystal analysis of nanodomains by EDT

Additionally, it is not easy to recombine 2D image-like 
data in a 3D structure-like exhaustive structural informa-
tion. Finally, the aberrations affecting TEM lenses, and 
in particular the objective lens, are still major issues that 
only the latest generation of microscopes has started to 
deal with.

From the very beginning of electron crystallography 
[2, 3], some researchers have therefore tried to exploit the 
diffracted electrons as they are scattered by the sample, 
without the complication of refocusing them in a direct-
space image. The idea of using electron diffraction instead 
of imaging certainly implies that we have to renounce on 
the crystallographic phase information, which must be 
regained later by computational methods, actually the 
same methods already massively developed for X-ray 
diffraction. Still, electron diffraction allows for the best 
resolution possible, it is straightly available in a 3D array 
and, uppermost, it requires a much milder illumination 
than imaging, allowing the acquisition of highly complete 
atomic structure information from almost any material, 
even if highly beam sensitive.

The fact that accelerated electrons have a stronger 
interaction with matter compared to X-rays is a decisive 
factor allowing their ability to deliver structure informa-
tion for nanoscaled domains. On the other hand, this 
implies that any material is electron-transparent only 
when its thickness ranges from some tens (for heavy-metal 
alloys) to few thousands (for organics and macromol-
ecules) of nanometers. Therefore, powdering or specific 
cutting or polishing procedures are required for sample 
investigation. Moreover, even when the sample is elec-
tron-transparent, there is a probability, which depends on 
its thickness and density, that electrons undergo double 
or even multiple scattering events during sample crossing 

[4]. Because reflections are rather broad, due to the small 
crystal size, and the curvature of the Ewald sphere is 
rather small, due to the short wavelength of accelerated 
electrons (0.001–0.004 nm), many reflections are excited 
at the same time, hence always allowing the condition for 
multiple scattering.

Double and multiple scattering within the same 
crystal is normally referred as dynamical effects. The 
overall outcome of such phenomenon is that intensities 
are spread among reflections, up to the limit case where 
all reflections appear to have the same intensity with only 
a uniform decay related to the scattering angle (Figure 1a). 
Consequently, dynamical effects break the simple kin-
ematical approximation normally adopted in X-ray dif-
fraction, which states that the intensity of a hkl reflection 
is proportional to its squared structure factor amplitude 
(Ihkl proportional to Fhkl

2). Dynamical effects may also oblit-
erate axial and plane extinctions, hampering symmetry 
and space group determination.

A truthful mathematical treatment of dynamical 
effects is rather complex, involving either a multislice 
numerical calculation [5] or the Bloch wave analytical 
treatment [6]. Both methods require anyway a known 
structural model, or at least a close approximation of 
it. Simplified or empirical corrections for dynamical 
effects have also been proposed, but they work only for 
well-defined experimental settings and under confined 
assumption, like e.g. the assumption of a simple double 
scattering phenomenology [7, 8]. In literature, the most 
common empirical correction is to assume that Ihkl is pro-
portional to Fhkl [9].

The postulation that dynamical effects are unavoid-
able and garble reflection intensities already for thin 
samples slowed down development and application of 

Fig. 1: [100] Zone axis pattern of cubic mayenite (Ca12Al14O33). (a) SAED pattern. (b) SAED pattern collected with a large precession angle (3°). 
(c) Simulated kinematic pattern. In the SAED pattern, all reflections have very close intensities and the extinctions along the two main axes 
are not visible. The effect of precession clearly reduces the dynamical scattering as it can be seen by a wider range of the reflection intensi-
ties and by the almost disapperence of the odd reflection along (h00) and (0k0) rows.

Brought to you by | Scuola Normale Superiore di Pisa
Authenticated | enrico.mugnaioli@iit.it author's copy

Download Date | 3/9/18 12:48 PM



E. Mugnaioli and M. Gemmi: Single-crystal analysis of nanodomains by EDT      165

quantitative electron diffraction for several decades. Still, 
in 1950’ and 1960’ Pinsker [10] and Vainshtein [11] suc-
ceeded in manufacturing a dedicated electron diffraction 
chamber, which allowed collecting structural data from 
randomly rotated poly-crystalline layered materials, like 
clays and organics (oblique-texture electron diffraction, 
OTED). Such data were successfully used for the localiza-
tion of light atoms, down to hydrogen, and attested the 
potential of electron diffraction data despite the occur-
rence of dynamical effects [12].

Only in the late 1970’, Dorset demonstrated that it is 
possible to achieve atomic structure determination on the 
basis of electron diffraction data recorded in a TEM from 
a single nanosized crystal or even from a single nanodo-
main [13, 14]. Later on, Weirich et al. [9, 15] applied stand-
ard direct methods developed for X-ray crystallography to 
solve ab initio 2D inorganic structures by a single selected-
area electron diffraction (SAED) pattern acquired along 
a main crystallographic zone axis. Other authors tried to 
combine more diffraction patterns collected along differ-
ent low-index crystallographic axes in order to obtain a 
3D data set [16–18]. Anyway, this procedure proved little 
reliable until the advent of the beam-precessed geometry 
(precession electron diffraction, PED) [19], which allowed 
for a significant reduction of dynamical effects [20–22] 
(Figure 1b and c).

Despite the encouraging results obtained by PED, the 
huge potential of electron diffraction, especially for the 
emerging fields of nanomaterials and nanotechnologies, 
was still hampered by the difficulty in acquiring rather 
complete and pseudo-kinematical data. Additionally, in 
oriented patterns dynamical effects are emphasized and 
the time needed for sample orientation may be critical for 
radiation damage issues.

The key step forward was achieved in 2007, with 
the introduction by Kolb et  al. of a ‘tomographic’ way 
of collecting electron diffraction data, initially referred 
as automated (electron) diffraction tomography (ADT) 
[23–27], and more recently better known as just electron 
diffraction tomography (EDT). The main idea behind EDT 
method is to acquire diffraction patterns neglecting any 
crystallographic orientation of the sample. Orienting the 
sample along a low-index crystallographic axis is in fact 
necessary for obtaining interpretable HRTEM and HAADF-
STEM images, but eventually not indispensable, even not 
desirable, when the aim is a 3D diffraction data set. Off-
axis diffraction patterns are then recursively taken while 
the sample is rotated in fixed angular steps, and the TEM 
is used as a primitive single-axis diffractometer. 

In order to properly integrate the reflection intensi-
ties, the Ewald sphere should not be stationary, but rather 

integrate over a certain angle in order to reduce or take 
account of the excitation error (i.e. the distance between 
the center of a given reflection and the actual position 
of the Ewald sphere) [28]. This can be achieved either by 
coupling EDT with PED [25], with a finer rotational step 
operated by beam tilt (rotation electron diffraction, RED) 
[29] or with a fast system able to continuously rotate the 
sample during data acquisition [30, 31].

EDT data collection strategy has three crucial advan-
tages when compared to conventional in-zone patterns:
(i) The acquisition is easy, reproducible and very fast. 

Nowadays we can collect more than a 100° tilt series 
in less than 1 min, acquiring this way quantitative 3D 
electron diffraction data from extremely beam sensi-
tive materials, like water-containing materials, organ-
ics and macromolecules, for which no HRTEM of 
HAADF-STEM image can normally be recorded at all.

(ii) All the reflections inside the mechanical limit of the 
TEM goniometer are sampled, allowing an effortless 
inclusion of high-index reflections to the data set. 
In most of TEMs, eventually by using a specifically 
designed tomographic holder [32], it is possible to 
rotate the sample in a range of 130° (±65°), resulting 
in the sampling of a double wedge covering about 
⅔ of the reciprocal space. In order to increase the 
amount of sampled reflections for low-symmetry 
crystal classes, a second acquisition tilt series can be 
performed after the sample was rotated in-plane (e.g. 
of 90°) by a rotational sample holder. In any case, 
there will be a missing wedge or cone around the ver-
tical axis that cannot be sampled due to mechanical 
limit [33].

(iii) The dynamical effects are significantly reduced 
just because each pattern is collected off-zone, thus 
decreasing the multiple-scattering probability and 
the number of unit cell repetitions along the electron 
beam way. As demonstrated by a number of examples 
for different classes of materials, in most cases struc-
ture determination using EDT data can be achieved 
by straightly applying the kinematical approxima-
tion (Ihkl proportional to Fhkl

2) [25, 27]. High structural 
residuals and bad figures of merit are anyway to be 
expected during the refinement step.

For structures with less than 50 independent atoms and not 
affected by disorder features, it is also possible to account 
quantitatively for the dynamical effects by a proper refine-
ment procedure recently developed by Palatinus et al. [34, 
35]. This procedure may allow for quantitatively refining 
partial occupied atom positions and localizing hydrogen 
atoms in the difference Fourier map [36–39].
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EDT applications to mineralogy 
and experimental petrology

From the very beginning, EDT found straight way appli-
cations in mineralogy and petrology. One of the first new 
structures determined on the basis of EDT data was char-
oite-90, still one of the most complex structures (in term 
of independent atoms in the asymmetric unit) ever solved 
ab inito by electron diffraction data [40] (Table 1). Char-
oite is indeed a very emblematic case for underlining the 
potential of EDT. This mineral was well known and clearly 
recognized since decades, but still no conclusive structure 
solution could be achieved by conventional X-ray diffrac-
tion methods.

Charoite comprises most of the possible troubles that 
an X-ray crystallographer can meet on his way: (i) char-
oite crystals never grow in forms suitable for single-crystal 
X-ray diffraction; (ii) charoite is always associated with 
other phases, less abundant but generally better crys-
talline; (iii) charoite forms polymorphs consistent with 
different order-disorder (OD) arrangements, whose reflec-
tions may severely overlap; (iv) charoite cell has relatively 
long parameters (up to 32 Å) and a large asymmetric unit 

with a volume of more than 1000 Å3 and about 90 inde-
pendent atoms within; (v) charoite structure is charac-
terized by pseudo-symmetries, that may lead to a wrong 
crystal system assignment.

As a matter of fact, not even charoite cell parameters 
and space group could be confidently assigned on the 
basis of X-ray diffraction. Before the conclusive EDT anal-
ysis, the first real insights about charoite structure had 
in fact come from electron crystallographic methods, i.e. 
HRTEM imaging and conventional in-zone SAED patterns 
[41, 42].

The success in solving the long-standing charoite 
problem has been followed by the structure determi-
nation of other hitherto unknown mineral species: 
charoite-96 [43], sarrabusite [44], widenmannite [45], 
karibibite [46] and a still unnamed mineral with pre-
sumed composition (S2)1+x[Bi9−xTex(OH)6O8(SO4)2]2 [47]. 
EDT also allowed to recover ab initio a partial solution 
for cyanotrichite [48] and kaňkite [49], two very hydrated 
minerals that grow in assemblies of sub-micrometric 
domains.

EDT method can sample very small areas, and there-
fore gives also the unique possibility of acquiring single-
crystal structural information from ordered nanoscopic 

Tab. 1: Structural and experimental details concerning the case studies described in the paper.

Sample High-temperature  
Eu2Si2O7

11.5 Å 
phase

Charoite-90 Charoite-96 Denisovite Natrolite

Elements (main) O, Si, Eu O, Al, 
Si, Mg

O, F, Si, Na, K, 
Ca, Sr + water

O, F, Si, Na, K, 
Ca, Sr + water

O, F, Si, Na, K, 
Ca + water

O, Al, Si, 
Na + water

Space group P1̅ C2/c P21/m P21/m P2/a Fdd2
a (Å) 8.5 9.0 32.0 32.1 31.0 18.4
b (Å) 12.9 5.2 19.6 19.8 19.6 18.7
c (Å) 5.3 23.2 7.1 7.2 7.1 6.5
α (°) 91.9 90 90 90 90 90
β (°) 87.9 97.8 90.0 95.8 96.0 90
γ (°) 90.1 90 90 90 90 90
Cell volume (Å3) 580 1080 4450 4560 4310 2240
No. independent atoms 
(non-H)

22 13 90 87 82 10

TEM type Zeiss Libra 120  Tecnai F30 S-TWIN  JEOL GEM 2010 Zeiss Libra 120
Acceleration voltage (kV) 120  300  200 120
Diffraction acquisition 
method

Nano-diffraction (Köhler 
illumination) and omega filter 

Nano-beam diffraction (ADT 
module) 

SAED Nano-diffraction 
(Köhler)

Tilt range (°) 95 110 120 + 95a 120 + 110a 110 120
Tilt step (°) 1 1 1 1 1 1
Data resolution (Å) 0.90 0.72 1.15 1.15 1.20 0.80
Indep. data coverage (%) 54 47 97 97 97 91
R1 0.292 0.197 0.173 0.339 0.336 0.151b

aData set obtained merging two EDT acquisitions with orthogonal tilt axes from the same crystal; bafter dynamical refinement.
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domains in materials characterized by pervasive dis-
order or polytypic stacking. This ability was crucial for 
the recent structure determination of the mineral den-
isovite [32]. EDT also delivered the hitherto only avail-
able ab initio structure determination of vaterite [50], 
whose elusive and thermodynamic unstable configu-
ration produces complex OD polytypic sequences in 
grains of few tens of nanometers [51, 52]. Additionally, 
EDT can be used for retrieving 3D structural information 
from  nanocrystalline uncommensurately modulated 

materials [53, 54], and might in future be used for the 
characterization of quasi-crystalline minerals of extra-
terrestrial origin [55].

Moreover, linking the 3D diffraction data set with 
real-space images it is possible to obtain valuable infor-
mation about grain boundaries, growth mechanisms and 
geometrical associations in intergrown complexes [56]. 
Such information can be coupled with the ASTAR tech-
nique [57], allowing phase and orientation maps similar 
to the ones obtained by electron back-scattered diffraction 

Fig. 2: (a) HAADF-STEM image of a shred of Eu-doped silica glass. The bright crystal grains are Eu2Si2O7 embedded in a ground mass of 
nanocrystalline quartz (darker gray). The EDT data set used for the structure solution was collected from the crystal indicated by the arrow. 
(b) Bright field image of a crystal grain of 11.5 Å phase, showing fringes of contrast due to stacking disorder at the bottom and a well ordered 
area at the top. The dashed circle marks the area on which we collected the data for structure solution and has the size of the electron 
beam. (c) Bright field image of a typical fiber of denisovite. (d) HAADF-STEM image of an aggregate of natrolite crystals. The EDT data set 
used for the dynamical structure refinement was collected from the crystal indicated by the arrow.
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(EBSD), but with one or two orders of magnitude higher 
point-to-point resolution.

Future EDT applications for mineralogy and petrology 
look particularly promising in all situations where it is dif-
ficult to recover a large amount of material and where the 
sample is characterized by a high diversity of phases due 
to non-equilibrated chemical or physical conditions, like 
e.g. in seismogenic fault mirrors [58], impactitic and mete-
oritic samples [59], alteration products [60, 61] and yields 
from high-pressure petrologic experiments [38, 56, 62, 
63]. Another interesting application concerns the study of 
metamict minerals, where EDT allows performing single-
crystal analysis of single ordered remains of the supposed 
original structure, so avoiding the artificial annealing of 
the sample that is mandatory for X-ray crystallographic 
studies [64].

In this paper, we will discuss in detail four EDT 
applications to geology-related problematics (Figure  2 
and Table 1). In all these cases, EDT was the only way to 
achieve a comprehensive ab initio crystallographic infor-
mation because only ordered domains of less than 500 nm 
were available. In the first chapter, we show the structure 
characterization of isolated nanometric particles in a 
matrix-embedded sample: a common case in polyphasic 
nanocrystalline solid assemblies. In the second chapter, 
we illustrate how EDT can be used for recognizing and 
solving unknown phases in a polyphasic high-pressure 
recovered sample: a case of a hitherto unknown crystal 
phase determined despite pervasive structural disorder 
at the nanoscale. In the third chapter, we stress the poly-
typic recognition in the complex OD stacked assemblies 
of charoite and denisovite: two cases where polytypic 
sequences alternate in a scale of few unit cell repetitions. 
Finally, in the fourth chapter we show how dynamical 
structure refinement based on EDT data allows obtain-
ing accurate atomic positions, refining partial occupan-
cies and localizing hydrogen atoms for nanocrystalline 
minerals.

Materials and methods
Eu2Si2O7

Eu-doped silica samples were obtained by a sintering process 
of an Eu doped xerogel at 1050 °C for 2 h, followed by a slow cool-
ing. Further details about the synthesis can be found in Baraldi 
et al. [65].

The TEM sample was obtained by crushing in an agate mortar 
a small piece of Eu-doped silica sample. The obtained powder was 

dispersed in isopropanol and sonicated. After sonication a drop of 
the dispersion was deposited on a carbon-coated copper grid.

EDT experiments were performed on a Zeiss Libra 120 operat-
ing at 120 kV and equipped with LaB6 electron source, in-column 
omega filter for energy filtered imaging and a Nanomegas Digistar 
P1000 device for precession electron diffraction. Data were recorded 
in 1° steps with a precession angle of 1°, as described in Mugnaioli 
et al. [25]. A 5 μm condenser aperture was used in order to a have a 
parallel nanobeam in Köhler illumination with a size of 150 nm. All 
the patterns have been collected in nano-diffraction mode without 
selected-area aperture, and the inelastic scattering was filtered out 
with a 20 eV slit on the zero loss peak. The recording device was a 
TRS 2k × 2k CCD camera.

Data analysis, including 3D diffraction volume reconstruction, 
cell parameter determination and reflection integration, was per-
formed by PETS software [66]. Structure solution was performed 
by direct methods implemented in the program SIR2014 [67]. Least 
squares structure refinement was performed with the software 
SHELXL [68]. The simple kinematic approximation Ihkl proportional 
to Fhkl

2 was always assumed.

11.5 Å Phase

11.5 Å Phase was observed for the first time in a synthesis with Cr-
clinochlore bulk composition at 6.5 GPa and 700 °C. The same phase 
was then resynthesized as majority phase at the same P,T conditions, 
starting from a bulk composition without Cr, with Mg:Al:Si ratio 5:1:2 
and with water in excess. The syntheses were performed on a Walker 
type multianvil apparatus [69] at the Università degli Studi di Milano, 
Italy. Further details of the syntheses can be found in Fumagalli et al. 
[70] and Gemmi et al. [38].

EDT experiments were performed on the same Zeiss Libra 120 
and with the same experimental set up as for Eu2Si2O7. Precession 
angle was kept at 1°. Data reduction was done by PETS software. 
Visualization of the 3D diffraction volume reconstruction was per-
formed with the software VESTA [71]. Structure solution was per-
formed by direct methods implemented in the program SIR2014 [67]. 
Least squares structure refinement was performed with the software 
JANA2006 [72]. The simple kinematic approximation Ihkl proportional 
to Fhkl

2 was always assumed.

Charoite

Individual asbestos-like micro-crystals of charoite were obtained 
crushing and grinding in an agate mortar a light-violet massive 
specimen. The so-obtained powder was suspended in ethanol and 
sprayed onto carbon-coated Cu grids using the sonifier described 
by Mugnaioli et al. [25]. Grids were then mounted on a FISCHIONE 
tomography holder with a tilt range up to ±70°.

EDT experiments were performed by a Tecnai F30 S-TWIN TEM 
equipped with field emission gun and operating at 300 kV. Data 
were recorded in 1° steps using the ADT module described in Kolb 
et al. [23] and able of routinely switching between μ-STEM imag-
ing for crystal tracking and nano-beam electron diffraction for dif-
fraction data acquisition. A 10 μm C2 condenser aperture was used 
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in order to have a quasi-parallel beam of about 50–70 nm on the 
sample. Precession electron diffraction was obtained by a NanoME-
GAS SpinningStar unit. The precession angle was kept at 1.0° for 
charoite-90 and 1.2° for charoite-96 data collections, respectively. 
EDT data were recorded by a Gatan 794MSC CCD camera (14-bit, 
1024 × 1024 pixels).

Data reduction was done by ADT3D [26] and in-home developed 
Matlab routines. Ab initio structure determination was achieved by 
direct methods implemented in the software SIR2008 [73]. Least 
squares structure refinement was performed with the software 
SHELXL [68] and CSD [74]. More experimental details are available in 
Rozhdestvenskaya et al. [40, 43].

Denisovite

EDT experiments were performed on a JEOL GEM 2010 TEM equipped 
with LaB6 electron source and operating at 200 kV. Crystal position 
was tracked in standard bright-field imaging mode. Electron dif-
fraction data were acquired in 1° steps in SAED mode from an area 
of about 150  nm in diameter. Precession electron diffraction was 
obtained by a NanoMEGAS SpinningStar unit. The precession angle 
was kept at 1°. EDT data were recorded by an Olympus Tengra CCD 
camera (14-bit, 2048 × 2048 pixels).

A pure denisovite fiber from Khibini massif was powdered in an 
agate mortar, dispersed in ethanol and piped onto a carbon-coated 
copper half-grid. Because the objective lens of the TEM was opti-
mized for HRTEM imaging, a special JEOL EM-21340HTR half-grid 
specimen retainer was necessary for high-tilt experiments, whit a tilt 
range up to ±55°.

Data reduction was done by ADT3D [26] and in-home developed 
Matlab routines. Ab initio structure determination was achieved 
by direct methods implemented in the software SIR2014 [67]. Least 
squares structure refinement was performed with the software 
SHELXL [68] and CSD [74]. More experimental details are available in 
Rozhdestvenskaya et al. [32].

Natrolite

EDT experiments were performed on a Zeiss Libra 120 operating at 
120 kV and equipped with a Nanomegas Digistar P1000 device for 
precession electron diffraction. Data were recorded in 1° steps with a 
precession angle of 1°. A 5 μm condenser aperture was used in order 
to a have a parallel nanobeam in Köhler illumination with a size of 
150 nm. All the patterns have been collected at room temperature in 
nano-diffraction mode without selected-area aperture and without 
filtering the inelastic scattering. The recording device was an ASI 
MEDIPIX detector (14-bit, 512 × 512 pixels).

Data analysis, including 3D diffraction volume reconstruction, 
cell parameter determination and reflection integration, was per-
formed by PETS software [66]. Structure solution was performed 
by charge flipping [75] implemented in the program JANA2006 
[72]. The structure was refined considering the dynamical effects, 
as described by Palatinus et  al. [34–36]. Refinement parameters 
were kept at: gmax = 1.5 Å−1, Sg

max (matrix) = 0.01, Sg
max (refine) = 0.1, 

RSg = 0.4, Nsteps = 64 (see references [35] and [36] for the explanation 
of each parameter). Fourier maps were visualized by the software 
VESTA [71].

Results and discussion

Phase mixture at the nanoscale: Eu2Si2O7

This first example of EDT application to a difficult and 
apparently unsolvable crystallographic problem comes 
from materials science, but can be easily translated into 
a geologic context assuming we have an exsolution of 
crystal phases at the nanometric scale. The basic question 
concerned the identification of the phases forming during 
the devitrification process of a Eu-doped silica glass. In 
Eu-doped silica samples sintered at high temperature 
and slowly cooled down, we observed an inhomogene-
ous crystallization of Eu-rich nanoparticles that in dif-
ferent area of the sample can be either small (30–70 nm) 
and surrounded by an amorphous matrix, or large (100–
500 nm) and embedded in a nanocrystalline quartz matrix 
(Figure 2a). The nature of the small nanoparticles could 
be easily determined as Eu5(SiO4)3O by indexing a powder 
electron diffraction pattern collected on an aggregate. 
The same method could not be applied to the larger parti-
cles due to the presence of diffraction peaks belonging to 
quartz and to the incompleteness of the diffracted rings 
caused by the larger particle size. However, the presence 
of only Eu5(SiO4)3O and quartz could not satisfactorily 
explain the spectroscopy measurements, which called for 
the presence of an Eu sorosilicate [65].

The available beam size for an EDT experiment fell 
nicely in the size range of the large particles, therefore each 
of them could be studied as a single crystal. The selected 
 candidate can be seen at the top right of Figure 2a: a nan-
oparticle of 400 nm emerging from the edge of a sample 
shred. The EDT experiment covering a tilt range of 95° 
delivered a triclinic unit cell with a = 8.50(7) Å, b = 12.9(1) Å, 
c = 5.32(5) Å, α = 91.9(5)°, β = 87.9(5)°, γ = 90.1(5)°. This unit 
cell is in good agreement with the high temperature form of 
Eu2Si2O7 reported by Felsche [76], whose crystal structure, 
eventually never solved, was assumed to be related with 
the high temperature form of Sm2Si2O7, later determined by 
single-crystal X-ray diffraction by  Christensen et al. [77] in 
space group P1̅ (Figure 3a).

Structure solution by direct methods based on EDT 
data in the same space group delivered in fact a structural 
model very similar to the expected one (Table 1). All the 
atom positions were found ab initio by direct methods 
and later refined by least squares imposing soft restraints 
on Si-O distances (Figure 3b). The related cif file is avail-
able as Supporting Information. Eu2Si2O7 crystal structure 
is formed by a 3D network of edge and corner sharing 
seven-fold and eight-fold Eu–O polyhedra, which forms 
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two crystallographically independent and rectangularly 
shaped channels along the c direction. One crystallo-
graphically independent Si2O7 group is located inside 
each channel, stretching across the channels axis, along 
directions [120] and [−120], respectively. Each Si2O7 group 
has an alternated setting along c and share all six external 
oxygens with the Eu–O network.

The result obtained for high-temperature Eu2Si2O7 is 
remarkable because it demonstrates that a crystal struc-
ture that contains both heavy and light atoms can be 
solved on the basis of EDT data collected on a single nano-
particle of few hundreds of nanometers embedded in a 
nanocrystalline matrix, whereas the same structure type 
could not be solved ab initio by X-ray powder diffraction 
on a pure powder sample (see Christensen et al. [77] for 
the Sm2Si2O7 case). The structure determination of Eu2Si2O7 
completes the description of the material formed during 
the devitrification of Eu-doped silica glasses and allows 
the thorough interpretation of the spectroscopic measure-
ments on bulk sample.

Order-disorder at the nanoscale: 
11.5 Å phase

High-pressure high-temperature experiments are natural 
training grounds for the EDT method. A typical sample 
consists of a few cubic millimeters collection of several 
crystal species. The extreme crystallization conditions 
do not allow to grow large single crystals: most grains 

are below one micron and some phases show defect fea-
tures due to their slow kinetics of crystallization. Powder 
diffraction experiments are the only option for X-ray and 
neutron radiations. However, the small amount of sample 
and its polyphasic nature make the powder approach 
always challenging, especially if unknown phases are 
present. EDT, instead, is a single-crystal technique, and as 
such it cannot give a global view of the sample, but is the 
perfect tool for hunting unknown crystal phases among 
sub-micrometric crystal grains.

A typical EDT search starts if the powder diffraction 
analysis cannot be interpreted assuming only known or 
expected phases, and some diffraction peaks remain 
unexplained. Then, a dispersion of the sample on a 
carbon-coated grid is carefully searched at the TEM and 
each crystal grain is chemically checked by energy dis-
persive X-ray (EDX) spectroscopy and crystallographically 
checked by the recently developed fast-EDT method [31]. 
In this way, we can have at the same time a rough estimate 
about the chemical composition and the unit cell of a 
large number of grains, which allow a fast discrimination 
between known phases and problematic grains. The latter 
are further investigated via complete EDT data collections, 
which eventually can provide ab initio structure determi-
nation. This workflow has been successfully applied to 
the identification and characterization of three new high-
pressure phases: HAPY [62], HYSO and the 11.5 Å phase 
[38]. Remarkably HYSO and 11.5 Å phase were discovered 
in the same experiment, a chlorite bulk composition at 
6.5 GPa and 700 °C.

Fig. 3: (a) Sm2Si2O7 structure determined by Christensen et al. [77] on the basis of single-crystal X-ray diffraction and (b) Eu2Si2O7 structure 
determined in this study on the basis of EDT data. Both structures are viewed on a direction close to [001]. SiO4 tetrahedra are represented 
in yellow, SmO polyhedra in dark green, EuO polyhedra in violet, O atoms in red.
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The solution of the 11.5 Å phase is particularly chal-
lenging since, for its layered nature, this phase is usually 
disordered and the streaking connected to the random 
stacking of layers is so severe that even the unit cell para-
meters cannot be easily determined by EDT measurements 
(Figure 4a). The 11.5 Å phase has a Mg:Al:Si ratio of 6:1:2 
and, perpendicularly to the stacking, its structure exhib-
its a projected centered rectangular cell with a ~ 8.9 Å and 
b ~ 5.1 Å, which is characteristic of phyllosilicate building 
blocks. Apart from this, nothing more can be said about 
its crystal structure by an EDT experiment performed on 
most of the grains.

Ordered domains of few hundreds of nanometers can 
be found on rare crystal grains always in association with 
completely disordered areas. Luckily, the disordered por-
tions can be easily imaged as alternating dark and bright 
contrast lines in bright-field images (Figure 2b), thus a 

large number of candidate grains can be screened-out 
searching for large coherent regions. A complete EDT 
data collection could be eventually performed on a single 
ordered domain avoiding streaking in the diffraction 
 patterns. From this data set it was possible to determine 
the unit cell, the symmetry, and the crystal structure of an 
ordered polytype of the phase.

Ordered 11.5 Å phase crystallizes in a C-centered 
monoclinic unit cell, with parameters a = 9.012(1) Å, 
b = 5.201(1) Å, c = 23.202(5) Å, β = 97.8(1)° and space group 
C2/c (Figure  4b–d and Table 1). The structure solution 
obtained ab initio with direct methods and refined in kin-
ematical approximation with JANA2006 confirms that the 
structure is a layered silicate with a previously unknown 
topology [38] (Figure  5). It is built by the alternation of 
T–O–T blocks, with the T-layers formed by isolated SiO4 
tetrahedra, and O–O blocks of face sharing tri-octahedral 

Fig. 4: Projections along main reciprocal directions of the 3D reconstructed diffraction volume of 11.5 Å phase. (a) Projection along (010) of a 
disordered area. (b) Projection along (010) of the ordered phase. (c) Projection along (100) of the ordered phase. Extinctions related with the 
c glide plane are clearly visible. (d) Projection along (001) of the ordered phase. The centered rectangular pattern is due to the C-centering.
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layers. A unit cell is formed by an ordered double 
sequence of T–O–T/O–O, which mimics a 2M2 polytype of 
layer silicates. The disordered polytypes arise when the 
stacking is random, as it typically happens in disordered 
micas. The chemical formula derived considering electro-
neutrality and cation ordering on the octahedral sites is 
Mg6Al(OH)7(SiO4)2, which perfectly fits with the observed 
Mg:Al:Si ratio and also reveals a high water content as 
expected from microprobe measurements.

It is noteworthy that in this investigation many key 
points could be addressed only by the EDT method. By 
starting with a challenging X-ray powder pattern and 
some problematic microprobe analyses, EDT revealed 
two new crystal phases (HYSO and 11.5 Å phase) and 
allowed determining ab inito their crystal structures. For 
the 11.5 Å phase, the elucidation of the crystal structure 
of the ordered polytype allowed recognizing the mech-
anism responsible for the disorder and deriving the 
 complete chemical formula. In turn, this formula con-
firms the presence of water in the structure, with very 
interesting implications for the petrology of subduction 
zones.

Polytypic and polysomatic analysis at the 
nanoscale: charoite and denisovite
Charoite, (K,Sr)15-16(Ca,Na)32[(Si70(O,OH)180)](OH,F)4.0 · nH2O, 
and denisovite, K14Ca42Na6[Si60(O,OH)162]F16(O,OH)8 · 2H2O, 
are two relatively rare fibrous silicate minerals outcrop-
ping in few localities in Russia. Charoite occurs only in 
the Murum massif, Sakha Republic, and it is excavated 
and commercialized as a valuable semi-precious stone 
because of its typical violet color. Denisovite forms grayish 
aggregates of tiny fibers and has been reported both in 
the Khibini massif, Murmansk Region, and in the Murum 
massif. Charoite was firstly described as canasite and later 
officially accepted as a new mineral in 1978 [78], while 
denisovite was recognized shortly after in 1984 [79]. The 
crystal structures of both minerals have remained a puzzle 
for more than 40 years, both because it was not possible 
to isolate single crystals suitable for X-ray diffraction, and 
because powder data could not deliver conclusive answers 
even about their cell parameters and symmetry.

Indeed, several factors hamper the structure investi-
gation of these two minerals by powder data. First, it is 
very difficult to isolate a pure charoite sample, that nor-
mally is finely intergrown with other more crystalline min-
erals. Then, both charoite and denisovite have large cell 
parameters (Table 1), which imply a strong peak overlap 
at medium-high resolution, worsened by the considerable 
peak broadening due to the small and strongly anisotropic 
crystal habit. Finally, both minerals were recently found 
to form OD polytypes, where different maximum degree of 
order (MDO) sequences alternate to more disordered seg-
ments, all inside what in optical microscopy may look like 
a single micrometric fiber (Figure 2c). OD polytypes have 
closely commensurate cells, and it may happen that met-
rically orthorhombic lattices conceal in fact a monoclinic 
symmetry. The overall result is a systematic or pseudo-
systematic overlap of symmetrically independent reflec-
tions in the powder pattern.

Not by chance, the first substantial insights about 
charoite structure followed from HRTEM imaging and 
conventional in-zone electron diffraction, i.e. from crys-
tallographic techniques able of a high spatial resolution, 
that eventually allowed discriminating the single ordered 
domains. Two ‘more ordered’ polytypes were recognized 
by conventional in-zone SAED [42] (Table 1). Because the 
main difference between the two lattices involved the β 
angle value (of about 90° and 96°, respectively), the two 
polytypes were named charoite-90 and charoite-96. The 
first structural model for charoite-96  was derived by a 
single 2D HRTEM image taken along the short c axis and 
by previous knowledge about related tubular minerals 

Fig. 5: The structure of 11.5 Å phase as determined by Gemmi et al. 
[38], viewed along a direction close to [110]. SiO4 tetrahedra are 
represented in yellow, AlO6 octahedra in blue, MgO6 octahedra in 
gray, O atoms in red.
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[41]. The difficulty in orienting charoite structure along 
the two long axes a and b and in interpreting these projec-
tions in terms of overlapping atoms, prevented anyway to 
get a flawless 3D model.

Ab initio structure determination of charoite structure 
was finally achieved on the basis of EDT data collected 
from an ordered fiber about 150 nm thick and consisting 
of only charoite-90 [40]. Any structure solution attempted 
in orthorhombic space group failed despite the appar-
ent orthogonal lattice. On the contrary, direct methods 
converged immediately when symmetry was reduced to 
the monoclinic space group P21/m, allowing for a final 
residual R1 of 0.173. All 79 independent atoms composing 
charoite framework were determined directly by direct 
methods or revealed by the first difference Fourier map. 
Further refinement allowed the localization of the main 
ion and water molecule positions inside the channels 
(Figure 6a and b).

After the determination of charoite-90  structure, 
Merlino proposed to describe the whole charoite poly-
typic system in terms of OD sequences (see his Appendix 
to Rozhdestvenskaya et al. [40] for specific details and 
Dornberger-Schiff and Fichtner [80] and Ferraris et  al. 

[81] for a general explanation of OD theory and related 
symmetry formalism). The basic units of charoite are 
layers (a/2, b, c), with layer group symmetry P(2)mm. 
Such layers are stacked according with the groupoid 
symbol:

P     (2)   m   m  
  {   (n1,1/2)   21   21/2  }
  {   (n1,1/2)   21   21/2  }

In particular, 21/2 represents a two-fold screw axis with ¼ 
translation component along c.

Due to the mirror plane orthogonal to c, operations 
21/2 and 2−1/2 produce geometrically equivalent pairs of 
layers. Therefore, two MDO sequences are in fact pos-
sible. The first one, with alternating 21/2 and 2−1/2, would 
correspond to the ab initio experimentally determined 
charoite-90  structure. The second one, with only 21/2 (or 
equivalently only 2−1/2), would correspond to a hypotheti-
cal model for charoite-96.

Merlino’s proposal was very soon confirmed by the 
ab initio structure solution of charoite-96, again based on 
EDT data [43] (Figure 6c). In this case, data collection was 
further complicated by the fact that charoite-96 domains 

Fig. 6: Charoite-90 structure [40] viewed along [001] (a) and along [010] (b), charoite-96 structure [43] viewed along [010] (c) and denisovite 
structure [32] viewed along [001] (d) and [010] (e). In the [010] views, only the tubular loop-branched dreier triple chain [Si12O30]12− is repre-
sented. Red arrows mark the stacking vector connecting succeeding basic layers (a/2, b, c). SiO4 tetrahedra are represented in yellow, NaO6 
octahedra in green, CaO6 octahedra in light blue, O atoms in red, F atoms in light gray, K atoms in purple, Sr atoms in dark red. For K and Sr 
partial occupancy is also shown.
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were generally smaller and always associated with char-
oite-90 or disordered sequences in the same micrometric 
fiber.

Very similar problems were faced for the recent struc-
ture determination of denisovite [32]. This mineral has 
cell parameters remarkably similar to charoite (Table 1) 
and therefore for a long time the idea that the two struc-
tures were closely related was commonly accepted. Again, 
the first sound hints about denisovite structure came 
from electron microscopy and conventional in-zone elec-
tron diffraction. SAED patterns showed that denisovite is 
characterized by a prominent diffuse scattering along a* 
for reflection lines hkl with l ≠ 2n, evidence of a pervasive 
disorder along this direction. Coherent domains are gen-
erally smaller than 100 nm, and nano-beam electron dif-
fraction patterns taken from such areas allowed defining a 
monoclinic lattice (Table 1), with extinction symbols P1a1 
or P1n1. HAADF-STEM images taken along the short lattice 
direction c eventually displayed a completely different 
framework topology than charoite.

After an extensive search, it was finally possible to 
acquire sufficiently complete and reliable EDT data sets 
from three mostly ordered domains of about 200 nm in 
size. These data allowed the ab initio structure determi-
nation of denisovite in space group P2/a (Figure 6d and 
e). As expected, denisovite has a significantly different 
framework in respect to charoite, but again its structure 
and stacking can be described in terms of OD sequences. 
Layers (a/2, b, c) with symmetry P(m)2m are stacked with 
groupoid symbol:

P    (m)  2   m  
  {   (22)   n1/2,1   21/2   }

Like for charoite, two MDO sequences are possible. 
The one with only 21/2 actually corresponds to the experi-
mentally determined structure on the basis of EDT data, 
and can therefore be labeled as denisovite-96. The one 
with alternating 21/2 and 2−1/2 would correspond to a hypo-
thetical polytype denisovite-90 with space group P21/m11, 
never observed in a coherent repetition of a substantial 
number of unit cells. The rather not systematic occurrence 
of 21/2 and 2−1/2 along a* determines the alternation of dif-
ferent polytypic sequences, twinning and stacking faults 
at the scale of few unit cells [32].

It is worth mentioning that both charoite and den-
isovite are ranked among the 1% most complex mineral 
structures known to date, according to a recent complex-
ity parameter proposed by Krivovichev (2013) and based 
on information theory [82]. Though, it was possible to 
characterize their MDO polytypes and describe their 
stacking sequences even when these alternate in a range 

of few hundreds or few tens of nanometers, i.e. less than 
100 unit cell repetitions for charoite and probably about 
20–30 cell repetitions for denisovite.

We want finally to stress that for charoite-96 and den-
isovite it was not possible to acquire a full EDT data set 
from a completely coherent ordered domain. Therefore, it 
is not surprising that the final structural residuals were 
considerably high, respectively R1 of 0.339 for charoite-96 
and 0.336 for denisovite. This high residual can be only 
partially ascribed to dynamical effects, but it is rather the 
consequence of a high fraction of not coherent areas in 
the sampled diffracting volume. Anyhow, at present EDT 
looks like the only crystallographic technique able to 
retrieve a structure from a stack of few coherent unit cells. 
Still, as for other highly disordered polytypic materials, 
like e.g. vaterite (CaCO3) [50], the structures of charoite 
and denisovite must be considered as ‘most common’ or 
‘most probable’ sequences, whose disclosure is anyway 
necessary in order to understand the mechanisms regu-
lating their polysomatic arrangements.

Accurate atomic coordinate determination 
and hydrogen localization by dynamical 
refinement: natrolite
The number of structures solved on the basis of EDT 
data using the simple kinematic approach exhaustively 
demonstrates that dynamical effects can be in general 
neglected for ab initio structure determination. Neverthe-
less, structural residuals generally associated with stand-
ard kinematic refinements are significantly higher than 
the ones typical of X-ray crystallography. Additionally, 
errors of tens of picometers must be expected in atom 
coordinates and interatomic distances, and partial occu-
pancies and displacement factors normally cannot be 
properly defined [36].

Since 2013, Palatinus et  al. [34] have developed a 
suite of routines able to perform least squares refine-
ment modeling dynamical effects with Bloch wave theory. 
Structural residuals associated with this kind of refine-
ment are significantly reduced, down to values compa-
rable with X-ray crystallography [83]. More important, it 
has been demonstrated that structure refined with the 
dynamical approach are generally more reliable, allow-
ing discriminating between different possible symmetries 
[84], obtaining reliable geometry of coordination [85], dis-
criminating between atomic species with similar atomic 
scattering [86] and between different oxidation state of 
the same element [87], localizing hydrogen atoms, even 
in beam sensitive and partially disordered materials [39].
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Dynamical refinement has already been successfully 
applied to mineralogy. Jacob et al. [37], on the basis of a 
single SAED pattern, and Palatinus et al. [36], on the basis 
of a full EDT tilt series, refined the ratios Mg:Fe in two 
partially occupied sites of an orthopyroxene. This infor-
mation, retrieved from areas of few hundreds or tens of 
nanometers, can be used as a geospeedometer for recon-
structing the temperature path during mineral formation. 
Gemmi et al. [38] used dynamical refinement for localiz-
ing partially occupied atomic positions in the synthetic 
HP phase HySo. This allows the accurate quantification of 
the water carried by this phase in the upper mantle and at 
the same time suggests a smooth water vs. MgO substitu-
tion process.

Looking for further applications of dynamical refine-
ment in Earth sciences, we tested the sensitivity of the 
method for the localization of hydrogen atoms in minerals. 
We therefore acquired an EDT data set from a single squared 
crystal of natrolite of about 200  nm in size (Figure  1d). 
Natrolite is a relatively simple natural zeolite with a single 
water molecule in the channel. Based on these data, natro-
lite structure was solved ab initio by charge flipping imple-
mented in JANA2006 [72, 75]. All atoms beside hydrogen 
ones were correctly localized. Kinematic refinement of the 
ab inito model did not lead to any significant improvement 
and converged with a residual Robs of 0.219.

Subsequently, data were treated according to dynami-
cal theory, refining in a first step only the experimental 
parameters: sample thickness, individual scale and fine 
orientation of each pattern. The resulting difference 
Fourier map already showed two well defined maxima 
corresponding to the expected positions of the hydrogen 
atoms. The water molecule lay flat orthogonal to an ideal 
Na–Na axis, about at the same distance from the two Na 
atoms. O–H distances were respectively 1.10 Å and 1.29 Å 
(Figure  7). The dynamical refinement of the structure 
converged with a residual R1 of 0.151, after imposing soft 
restraints only on O–H distances. Interestingly, the angle 
H–O–H refined without geometrical restraint to a value of 
106.7°, quite close to the expected value of 109.5°. Finally, 
it is also remarkable to mention that Al and Si positions 
could be easily distinguished on the basis of the well-
defined Si–O and Al–O distance ranges, of 1.60–1.65 Å 
and 1.70–1.77 Å respectively. The cif file of the final refined 
structure is available as Supporting Information.

The result obtained for natrolite is quite fascinating, 
considering that hydrogen atoms belonged to a relatively 
free water molecule, the material was not deuterated, 
the experiment was performed at room temperature and 
in vacuum, data were collected by a relatively affordable 
120 kV TEM which does not require a dedicate large-scale 

facility and also allows for low-temperature and high-tem-
perature experiments.

Conclusions and perspectives
We believe that EDT method has huge potential for the 
determination of hitherto unknown mineral structures 
and for the disclosure of complex polytypic systems. 
Moreover, the systematic application of this technique 
may significantly contribute to the discovery of new 
mineral species, previously undetected due to their small 
crystal size or complex paragenesis. This may impact 
on the estimation of rarity in mineralogy [88], and may 
possibly help in filling the gap between the number of 
mineral species estimated by “mineral ecology” [89] and 
the number of minerals actually observed, which seems 
to be highly underestimated for 15 geochemical elements, 
among which Al, C, Mg and Na [90, 91]. Additionally, the 
implementation of refinement procedures that account 
for dynamical scattering [34–36] allows obtaining fine 
details on atom coordination and bond distances, and to 
localizing light atoms, down to hydrogen, at room tem-
perature and for not deuterated samples. On the other 
hand, due to computational issues dynamical refinement 
is currently limited to relatively small structures, and 
cannot be applied for intrinsically disordered materials, 

Fig. 7: Natrolite structure determined ab initio by charge flipping 
with a kinematical treatment of EDT data, superimposed to the 
difference Fourier map calculated with a dynamical treatment after 
a preliminary refinement of the experimental parameters (sample 
thickness, scale and fine orientation of each diffraction pattern). 
Red arrows point the two potential peaks corresponding to the 
missing hydrogen atoms of the water molecule. Si and Al atoms 
are represented inside their tetrahedra of coordination (in blue and 
gray, respectively). O atoms are in red, Na atoms are in yellow.
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like vaterite [50–52] or denisovite [32]. Indeed, disorder 
is often a crucial part of nanocrystalline structures, as 
surface features and defects may concern an important 
fraction of the diffracting volume.

EDT can open a new scenario also for experimental 
petrology, where a number of experiments are generally 
kept hidden in the drawers because standard microprobe 
and X-ray diffraction data cannot be effectively interpreted. 
So far, three new phases have been discovered (HAPY [62], 
HYSO and 11.5 Å phase [38]) and fully crystallographically 
described. The concurrence of a laboratory specialized in 
high-pressure syntheses and a dedicated TEM-EDT facil-
ity can provide in the next future the ideal experimental 
set-up for the systematic discovery of new high-pressure 
phases, which in turn may open new windows on subduc-
tion and mantle processes. Another very promising field of 
investigation concerns micrometeorites, whose mineral-
ogical analysis by standard X-ray diffraction techniques is 
hampered due to the reduced amount of available sample 
and the typically small grain size, consequence of a fast 
formation under not-equilibrated conditions.

It is worth stressing that EDT is a quite robust and 
portable technique: we have obtained comparable results 
on TEM of three different manufacturers (FEI, ZEISS, JEOL) 
working at three different acceleration voltages in different 
electron optical configurations (nano-beam diffraction, 
nano-diffraction with Köhler illumination, selected-area 
diffraction). At present, some limiting factors for EDT lie 
anyway in the design of TEM, evidently supposed to be 
used as a microscope rather than a diffractometer. The 
lens system does not always allow an easy configuration 
with optimal beam conditions, i.e. mild illumination and 
parallel beam. Intermediate and projector lenses may 
introduce astigmatism that reduces the accuracy in cell 
parameter determination and may compromise reflection 
indexing at high angle. The goniometer rotation may not 
be smooth or accurate enough, so that during the acquisi-
tion the crystal has to be re-centered several times.

Another important limit concerns the deterioration 
of the sample during the diffraction experiment. Even if 
EDT requires a much milder illumination than imaging, 
still beam damage can be critical for some classes of 
materials. A major improvement derived by the recent 
introduction of ultra-fast background-free single-electron 
detectors, which allow for extremely low-dose illumina-
tion conditions and fast exposition time [92]. However, 
materials, where water molecules are an essential part of 
the crystalline structure, may just undergo amorphization 
or structure modification in the moment they are inserted 
inside the TEM vacuum (normally about 10−10–10−11 bar). 
The observation of these materials requires their isolation 

from vacuum by the encapsulation in amorphous ice with 
cryo-plunging and cryo-transfer procedures normally in 
use for biologic samples.

In conclusion, EDT can be considered a reliable 
technique for addressing crystallographic questions, 
every time the complex nature of the sample calls for a 
single-crystal data collection on grains smaller than few 
microns. In fact, we believe there are many mineralogi-
cal and petrological open problems that would greatly 
benefit from such approach and the four cases highlighted 
in this paper, spanning from experimental petrology to 
rare minerals and phase intergrowths, are far from being 
exhaustive.
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