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Abstract

A program system—Trice—for reconstructing the 3D reciprocal lattice from an electron diffraction tilt series is

described. The unit-cell parameters can be determined from electron diffraction patterns directly by Trice. The unit cell

can be checked and the lattice type and crystal system can be determined from the 3D reciprocal lattice. Trice can be

applied to all crystal systems and lattice types.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Determination of crystal unit cell is the first and
an important step of ab initio structure determina-
tion. For micro- and nano-crystalline powder
samples, this is often very difficult by X-ray
diffraction, especially when the sample contains
several different phases. In contrast, it is easy to
obtain single-crystal electron diffraction patterns
of individual micro/nano-sized crystals in trans-
mission electron microscopes. Due to the very
short electron wavelength (B0.02 (A), an electron
onding author. Tel.: +46-8-16-23-80; fax: +46-8-
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diffraction pattern is an undistorted representation
of a 2D section of the 3D reciprocal lattice. The
3D reciprocal lattice can be obtained by tilting the
crystal in the microscope and collecting a series of
diffraction patterns from the same crystal.

In practice, it is not easy to reconstruct the 3D
reciprocal lattice and determine the unit-cell
dimensions manually from the diffraction pattern
series. We have developed a program system—
Trice—for this purpose. Electron diffraction pat-
terns are digitised into a PC. The position and
intensity of each diffraction spot from each
diffraction pattern in the tilt series are determined
and refined by the program system ELD [1–2].
These data plus the direction of the tilt axis and
angle of tilt are used as input for Trice.
d.
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2. Method and results

2.1. Recording and digitising ED patterns

Three or more ED patterns are taken from the
same crystal. Usually the crystal is tilted along
one common (short) reciprocal axis. The tilt angles
(x,y) from the goniometer are written down.
It is convenient, but not necessary if all ED
patterns are recorded using the same camera
length. The tilt series does not need to have the
same common axis. However, it has to be tilted
from the same zone axis, i.e. all the common
axes should be present in one ED pattern in the
series. A typical example of a tilt series of ED
patterns is shown in Figs. 1a–d. The sample is
Li2NaTa7O19 [3].

When a double-tilt specimen holder is used, the
angle y between two ED patterns taken from the
same crystal, with the angles ðx1; y1Þ and ðx2; y2Þ;
Fig. 1. Electron diffraction patterns of Li2NaTa7O19 from a tilt series

angles related to (a) are 34.0� for (b) 38.8� for (c) and 45.3� for (d).
respectively, is

y ¼ cos�1ðcos x1 cos y1 cos x2 cos y2

þ cos x1 sin y1 cos x2 sin y2

þ sin x1 sin x2Þ: ð1Þ

When a rotation-tilt specimen holder is used, the
angle y between two ED patterns taken from the
same crystal, with the tilt ðxÞ and rotation ðyÞ
angles ðx1; y1Þ and ðx2; y2Þ; respectively, is

y ¼ cos�1ðsin x1 cos y1 sin x2 cos y2

þ sin x1 sin y1 sin x2 sin y2

þ cos x1 cos x2Þ: ð2Þ

The ED patterns are digitised either using an on-
line CCD camera or off-line. Before processing the
ED pattern, information about the conditions
under which the ED pattern was taken and
digitised should be given in order to determine
the cell parameters. These are: the accelerating
of the same crystal. The common tilt axis is horizontal. The tilt
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voltage, camera length (L; normally needs to be
calibrated), digitisation constant (M ; the number
of pixels that corresponds to 1mm on the CCD
camera or negative film) and possibly the aspect
ratio X/Y (ratio of the magnifications along the
horizontal and vertical directions).

The digitisation constant (L; pixels/mm) and the
aspect ratio X/Y can be calculated from an ED
pattern with known d-values, preferably powder
rings. It has to be digitised with the same
conditions as the tilt series. If photographic films
are digitised off-line, the digitisation constant and
the aspect ratio X/Y can be calculated from a
millimetre graph paper, digitised under the same
condition as the photographic films.

2.2. 2D ED processing by ELD

Before reconstructing the 3D reciprocal space,
the positions and intensities of all the diffraction
spots on each ED pattern are determined. This is
done using the program ELD [1–2].
Fig. 2. Processing of an electron diffraction pattern by ELD. (a) Thr

indices are given by the user. The common axis is indexed as (h 0) for

and (0 1) reflections are first calculated from the indices of the three r

the ED pattern is calibrated (as it is here), the unit-cell dimensions i

reflections will be calculated. The intensity of each reflection is estim

saturation and the non-linearity of the CCD camera.
Firstly, one has to select three reflections and
give their indices in 2D. The positions of the
central spot (000 reflection) and the two basic
reciprocal vectors of the ED pattern are calculated
from the three indexed reflections and then
refined by a least-squares procedure using all the
reflections on the ED pattern (Fig. 2). If the
digitisation constant M ; the camera length L

and the electron wavelength l are known, the
ED constant (=MLl, (A�pixel) is calculated
from these data. The 2D lattice parameters (a; b

and g) are then calculated from the reciprocal
lattice vectors and the ED constant. The slight
distortions of the reciprocal lattice caused by the
curvature of the Ewald sphere and the digitisation
are compensated for by an unbending function in
ELD.

ELD estimates the intensity of each reflection,
using a shape fitting procedure. The shape of the
diffraction spots is first estimated using all those
reflections that are not saturated and then further
refined in four cycles. If nearly all the reflections in
ee reflections (here (4 0), (0 4) and (�4 0)) are chosen and their

all ED patterns in the series. (b) The positions of the (0 0), (1 0)

eflections and then refined in three cycles using all reflections. If

n projection (a, b and g) and the corresponding d-values of all

ated using a shape fitting procedure, which compensates for
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an ED pattern are saturated, the shape fitting
procedure will not work. In such a case, the
intensity is estimated simply by integration. The
positions and intensities of all reflections can be
saved in a file with extension .hke.

2.3. Reconstructing 3D reciprocal space

Trice combines several 2D electron diffraction
patterns, with the positions and intensities given
by ELD, into 3D reciprocal space. Trice runs
under Windows95, 98, 2000, NT and XP. It is
written in C++ and uses OpenGL [4] to visualise
the electron diffraction spots in 3D reciprocal
Fig. 3. (a) The positions and intensities of each electron diffraction pat

one 3D lattice according to the common axis and tilt angles. Here the

be rotated along either the x, y and z axes or the basic vectors a�, b� a

alfaðaÞ; betaðbÞ and gammaðgÞ are calculated from the three shortest
space. The positions and intensities of all reflec-
tions for each zone axis (saved as .hke files) are
read into Trice (Fig. 3a). The first ED pattern is
used as a reference and the other ones are
automatically scaled to the first pattern using the
common axis/axes. The tilt angle of an ED pattern
related to the first one is calculated by Trice using
the expressions (1) or (2) above.

The 3D reciprocal space can be visualised and
animated in any directions (Fig. 4) using the View
option (Fig. 3b). It is possible to zoom the 3D
electron diffraction pattern and change colours of
the background and the diffraction spots of each
2D pattern.
tern are used as input to Trice and the tilt series is combined into

four ED patterns in Fig. 1 are combined. (b) The 3D lattice can

nd c�, determined by Trice. (c) The unit-cell parameters a, b, c,

reciprocal vectors.
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Fig. 4. 3D reciprocal lattice reconstructed by Trice from the four electron diffraction patterns (a)–(d) in Fig. 1 viewed along (a) an

arbitrary direction, (b) the c�-axis, (c) the a�-axis and (d) the b�-axis. Since the projections of the 3D reciprocal lattice are primitive

along all three basic axes (b)–(d), the whole 3D lattice is also primitive.
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2.4. Determining the unit cell

The algorithm for finding the unit cell is rather
straightforward, i.e. to find the three shortest 3D
vectors which are linearly independent. It starts off
with the two basic 2D vectors a� and b� from each
inserted ED pattern. These vectors are converted
into 3D vectors according to the tilt angles and
included in a list. Those vectors whose angles
differ from each other by less than a user-defined
angle (for example 5�) and whose lengths differ
from each other by less than a user-defined percent
(for example 5%) are considered to be identical
and only one of them (or their average) is kept.
Then all linear combinations of those vectors on
the list are generated and those that are shorter
than the original vectors are added to the list. The
expanded list is then checked again by Trice to
remove all identical vectors.
Finally, the three shortest vectors are chosen
from the list and the volume of the reciprocal unit
cell generated by those three vectors is calculated.
If the volume is less than 20% of the product of
the lengths of the three vectors, the third shortest
vector is replaced by the next shortest vector and
the volume is checked again. This continues until
the volume is large than 50% of the product of the
lengths of the three vectors. The three selected
vectors are now considered to be the basic vectors
of the unit-cell. The unit-cell dimensions (a, b, c, a,
b and g) are calculated from these three reciprocal
vectors and can be displayed (Fig. 3c).

Since Trice tries to find the three shortest vectors
in the reciprocal lattice, it works equally well for
all crystal systems and lattice types [5]. The
correctness of the unit cell determined can be
easily judged in Trice. The 3D ED pattern is
oriented to be parallel to each of the three



ARTICLE IN PRESS

X.D. Zou et al. / Ultramicroscopy 98 (2004) 187–193192
reciprocal axes using the View option, as shown in
Figs. 4c and d. If the unit cell is correct, all
diffraction spots should appear at the lattice points.

Since all ED patterns in a series are scaled to the
first ED pattern of the series, the accuracy of the
unit-cell dimensions obtained by Trice depends on
how well the camera length and the digitisation
constant are calibrated for the first ED pattern.
From our experience, the error can be up to 5% for
an uncalibrated ED pattern and this may be reduced
to less than 2% if the ED pattern is calibrated using
a known compound or from powder rings of for
example gold or aluminium. However, large errors
can result from inaccurate tilt angles, which can
exceed to a few degrees and are more difficult to
calibrate. Thus, it is very important to minimise the
errors from the tilt angles, for example by always
tilting the crystals in the same tilt directions, and
after each tilt series, rechecking the tilt angles (x,y)
of the first ED pattern from the goniometer to see if
there are any angle shifts.

The possible errors of the tilt angle can be easily
detected from the 3D electron diffraction pattern
reconstructed by Trice. When the 3D electron
diffraction pattern is aligned along a zone axis, all
diffraction spots at different tilt angles should
appear exactly on top of each other, as shown e.g.
in Figs. 4b and c. If the tilt angle of an ED pattern
had been wrong, the diffraction spots from this
pattern would deviate from the lattice position of
the 3D reciprocal space. If one first orients the
common tilt axis to be parallel to the view window
and then rotates the 3D electron diffraction
pattern along the common axis to a zone axis,
the deviation of the diffraction spots on this ED
pattern from the others would be easily detected,
and the tilt angle could be adjusted visually.

In the case of Li2NaTa7O19 shown here, the
unit-cell dimensions obtained were a=15.25,
b=23.57, c=7.61 (A, a ¼ 90:2�; b ¼ 90:9� and g ¼
89:5�; compared to those obtained by X-ray
powder diffraction a=15.231(1), b=23.573(1), c=
3.837(0) (A and a ¼ b ¼ g ¼ 90:0� [3]. The periodi-
city in the c-axis determined by ED diffraction is
twice as long as that determined from X-ray
powder diffraction. This doubling can be explained
as a modulation (superstructure) along the c-axis,
possibly due to the ordering of the cations Li+ and
Na+. This modulation only gives rise to very week
reflections hkl with l=2n+1 that were not detected
by X-ray powder diffraction (see Fig. 1b and d).

As mentioned above, the unit-cell parameters
obtained by Trice is not very accurate and need to be
refined. The refinement should be done independent
of the tilt angles, which cause the largest errors in
unit-cell parameters. Once the unit cell is deter-
mined, it is possible to index all ED patterns within
and outside the tilt series and obtain the correct 3D
indices of the two basic reflections on each ED
pattern. This can be done automatically using the
program for phase identification PhIDO [6]. The
unit-cell parameters can then be refined from those
reflections generated from the basic reflections from
each ED pattern and the corresponding d-values
obtained by ELD [2]. This option is, however, not
yet implemented in the present version of Trice.

2.5. Determining the lattice type by Trice

Trice finds only the reduced unit cell (formed by
the three shortest vectors). If the lattice is not
primitive but centred, one has to deduce the
correct unit cell according to the symmetry of the
3D electron diffraction pattern. This can be done
by first checking the 3D reciprocal space to
determine the lattice type.

The lattice type that a crystal belongs to can be
determined from the systematic absences of the 3D
reciprocal lattice. Figs. 4b–d show the 3D recipro-
cal lattice projected along the three main axes and
no systematic absences for the general reflections
(hkl) are observed. This indicates that the lattice of
Li2NaTa7O19 is primitive.

In the case that a; b and g are not close to 90�, the
possible lattice centring may be found by viewing
the reciprocal lattice, as shown in Fig. 5. A primitive
unit-cell can be transformed to a centred unit-cell by
Trice. The centred unit cell parameters b�c and c�c are
recalculated from the centred reciprocal lattice, e.g.,
b�c =(b�p �c�p )/2 and c�c =(b�p +c�p )/2 (see Fig. 5).
3. Conclusion

Trice combines electron diffraction patterns of
different orientations and reconstructs a part of
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Fig. 5. Example of a centred 3D reciprocal lattice reconstructed by Trice from three electron diffraction patterns. Once the

transformation matrix between the new and old reciprocal vectors are given, the unit-cell parameters of the new centred unit cell will be

calculated by Trice.

X.D. Zou et al. / Ultramicroscopy 98 (2004) 187–193 193
the 3D reciprocal lattice. The 3D reciprocal lattice
can be rotated and visualised from any direction.
The unit-cell parameters can be determined from
electron diffraction patterns directly by Trice. In
most cases, diffraction patterns from three differ-
ent orientations are sufficient for determining the
unit cell. The lattice type and crystal system can be
determined from the 3D reciprocal lattice. The
unit-cell parameters can be further refined against
the d-values of reflections from a number of
calibrated ED patterns or X-ray powder diffrac-
tion data to higher accuracy. Trice can be applied
to all crystal systems and lattice types.
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