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ABSTRACT

A focus-dependent displacement between
the positions in the darkfield and bright
field images of small crystalline particleshas
been noted in the past. Delocalisation isan
imaging artifact that can result in the pres-
ence of lattice fringes outside a crystal
imaged in a transmission electron micro-
scope in the presence of spherical aberra-
tion and/or defocus. Here, we show that
delocalisation can be used to provide useful
information, in the form of the absolute
defocus values of catalyst nanoparticles.
This information is useful for interpreting
images obtained using techniques such as
exit wavefunction restoration.
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INTRODUCTION

Most industrial heterogeneous catalysts com-
prise high-surface-area solids, onto which an
active component is dispersed in the form of
very small particles. The preparation of com-
mercial catalysts is generally not well con-
trolled, and is often based on accumulated
experience. Transmission electron microscopy
(TEM) is a key experimental tool for the char-
acterisation of catalyst nanoparticles with
atomic resolution [1].

The high spatial and temporal coherence of
a field emission gun (FEG) TEM increase the
information limit of the microscope. However,
at large defocus values, the contrast transfer
function of the microscope contains many
oscillations, which lead to contrast reversals
and delocalisation of the information in the
image. Detail in the image isthen displaced by
an amount that increases with defocus [2].
Although the use of aberration correctors on
modern TEMs [3,4] has improved the inter-
pretable resolutions of images, comparisons
with simulations are still required to under-
stand the observed contrast.

There is great benefit in combining the
information that is present in a defocus series
of images, in effect extending the point reso-
lution of the microscope to the information
limit [5,6]. Figure 1 shows the result of using
such an approach to image a Pt catalyst
nanoparticle [7]. Both the surface atomic
arrangement of the Pt particle and details of
itsgraphitic carbon support can be seen in this
image. Although TEM imagescan now be used
to provide sub-Angstrom resolution informa-

tion about materials, in this article we are
interested primarily in the additional infor-
mation that can be obtained asa result of the
presence of objective lens aberrations. It has
long been known that displacementsbetween
bright-field and dark-field imagescan be used
to measure certain imaging parametersof the
objective lens of a microscope [8].

Here, we show that delocalisation in HRTEM
imagescan be used to extract useful informa-
tion about a specimen and about the imaging
conditions, both qualitatively and quantita-
tively. Our analysisis facilitated by the use of
geometrical phase analysis to measure local
lattice fringe displacements[9,10].

MATERIALS AND METHODS

We examined Pt nanoparticles, with an aver-
age size of 5 nm, which were supplied on a
partially graphitised carbon support. Thiscom-
bined system has important industrial appli-
cationsin fuel cellsand car exhausts. The sam-
ples, which were in the form of a dry powder,
were placed directly onto holey-carbon cop-
per TEM grids.

Experimental images were acquired at 200
kV using a JEOL 2200FS FEG TEM equipped
with a spherical aberration corrector, at a
nominal magnification of 500k. This instru-
ment, which is located in the Department of
Materials in Oxford University (UK), incorpo-
ratesaberration correctorsin both itsimaging
and its probe-forming lenses, as well asan in-
column omega-type energy filter. A double-
hexapole system can be used to eliminate
aberrations up to the third order. Here, aswe

Figure 1:

Focal-series reconstruction of the phase shift of a
5 nm Pt particle supported on graphitic carbon,
obtained from a series of 20 images acquired
at 200 kV using a defocus step size of 5 nm, with
the spherical aberration coefficient C, adjusted
to-30 um.
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Fgure 2:
Low magnification bright-field image of Pt particleson acarbon Support
showing the effects of delocalisation (arrowed).

are interested in the effectsof the aberrations,
we acquired images using the uncorrected
coefficient of spherical aberration of the
objective lens C, of 0.5 mm (corresponding to
0.19 nm point resolution at Scherzer defocus).

DELOCALISATION OF NANO-
PARTICLES

The extent of image delocalisation (i.e. the
image displacements) depends on the spheri-
cal aberration coefficient and on the defocus
value used. For a perfectly homogeneouscrys-
tal, which has uniform thickness, no defects
and trandlational symmetry, delocalisation
effects are not readily apparent. Any imper-
fection or discontinuity, such asat the edge of
a specimen, destroysthistrandational symme-
try locally.

Figure 2 shows a low magnification bright-
field defocused image of Pt particles sup-
ported on graphitic carbon. Some of the parti-
clesare diffracting strongly and are associated
with adjacent regions of bright contrast,
which results from delocalisation.

Figure 3 showsa defocusseries of high-reso-
lution lattice images of a single Pt particle.
When imaged out of focus, Fresnel fringes
appear around the edge of the particle, and in
addition the lattice fringes are displaced with
respect to the true position of the particle,
which becomes progressively darker with
increasing defocus. The displaced lattice
fringes move away from the particle approxi-
mately linearly with increasing defocus.
Despite C, not being zero, delocalisation is
minimised in one of the images (Figure 3c),
because in this orientation a single spatial fre-
quency dominates the observed contrast (see
below).

QUALITATIVE INFORMATION
FROM DELOCALISATION
Qualitatively, the image shifts that are associ-
ated with delocalisation can be used to pro-
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Fgure 3:

(a-¢  High-resolution lattice
images of the Pt particle shown
in Figure 1, obtained as a func-
tion of defocusat 200KV using a
spherical aberration coefficient
C, of 0.5 mm. The defocus step
Size between Successive images
5 100 nm. When the particle is
tlose to focus in (¢), delocalisa-
tion is minimised. (f) Mustration
of the difference in height that is
possible between a Pt particle
and tsholey carbon support film.

e 2 ]
+ |Holey carbon TEM grid

vide information about the orientation of a
particle. Figure 4a illustrates the fact that the
regionsof bright contrast that surround a par-
ticle move in specific directions, which are
related to its orientation. The angle of 70°
observed between the displaced images is
close to the value of 70.52° expected between
111-type reflections in a cubic structure ori-
ented close to a [011] zone axis. In Figure 4b,
the angle between the reflections is 90° and
the fringes have a spacing of 0.19 nm, corre-
sponding to the 200 plane spacing of Pt. The
relative intensities of the displaced bright
regions depend on the degree and direction
of misalignment of the particle from the exact
zone axis orientation.

QUANTITATIVE INFORMATION
FROM DELOCALISATION

The extent of image delocalisation depends
on the spatial frequency g and on the wave
aberration function of the objective lens! (g)
[2]. ltislarge when |! ! (g)|islarge. Neglecting
higher order aberrations, the equation that
relates the displacement of the image " Rto
the imaging conditionsis:

"R=|!!(g)l=#lgl" f+C#lgP Eq.

where " f is the defocus and # is the electron
wavelength.

From Equation 1, it follows that for each
spatial frequency in an image " R varies lin-
early with defocus. Figure 5 shows Equation 1
plotted asa function of defocusfor lower spa-
tial frequency reflectionsin Pt, for an acceler-

ating voltage of 200 kV, using values for C, of
both 0.5 mm and -30 ym.

The graphsillustrate the fact that for every
spatial frequency there is a defocus value for
which delocalisation is exactly zero. However,
when C, is close to zero, it is possible to find a
defocusvalue for which the extent of delocal-
isation can be minimised for all spatial fre-
quencies at the same time.

ABSOLUTE DEFOCUS MEA SURE-
MENT

The defocus value of an image is usually
obtained either by comparing the contrast in
the image with simulations or from the analy-
sis of diffractograms acquired from amor-
phousmaterial close to the area of interest (in
this case the holey carbon film on the TEM
grid).

However, for a nanoparticle, the defocus
obtained from diffractogram analysis of the
support film may be very different from the
true defocus of the particle, as shown
schematically in Figure 3f. A method that can
be used to find the absolute defocus value of
a nanoparticle is now presented. The
approach, which relies on the presence of
delocalisation associated with a known spatial
frequency, isasfollows:

1. A through-focus series of bright-field
images of the particle is acquired. 2. The
extent of delocalisation for a particular spatial
frequency in each image is measured, for
example by using geometrical phase analysis
(see Figure 6). 3. Defocus values are also mea-

Figure 4:

Nustration of the qualitative
use of delocalisation to provicle
information about the orienta-
tion of a nanoparticle. HRTEM
images, experimental diffrac-
tograms and predicted diffrac-
tograms are shown for Pt par-
ticles in [011] (3) and [001] (b)
orientations,




sured from the support film in each image
using diffractogram analysis. 4. The image dis-
placements associated with delocalisation are
plotted as a function of the defocus values
obtained from diffractogram analysis. 5. The
lateral displacement of the graph that is
required for consistency with Equation 1 is
determined. Thisvalue correspondsto the dif-
ference in focusbetween the nanoparticle and
the support film (the parameter Z in
Figure 3f).

Figure 7 shows the application of this
approach to the images of the Pt particle
shown in Figure 3. The entire defocus series
contained 20 images, with a defocus step size
between adjacent images of 100 nm. The
dope of the experimental graph matchesthat
predicted using Equation 1 for a spatial fre-
quency that correspondsto the 111 reflection
in Pt. The experimental measurementsare dis-
placed laterally with respect to the predicted
graph by an averaged value of 85 nm. The
absolute defocus value of the particle in each
image istherefore obtained by subtracting 85
nm from the values measured using diffrac-
togram analysis. According to Equation 1, the
dope of the experimental graph shown in Fig-
ure 7 can also be used for calibrating the defo-
cus step size if the relevant plane spacing is
known. The dight deviation of the experi-
mental dope from the predicted graph in Fig-
ure 7 therefore almost certainly resultsfrom a
small error in the defocus step calibration.

CONCLUSIONS

Delocalisation is an imaging artifact that is
present in all transmission electron micro-
scopes. In the absence of spherical aberration,
delocalisation is absent at zero defocus for
every spatial frequency. However, if spherical
aberration is present, delocalisation can only
be removed for one spatial frequency at each
defocusvalue. Here, we have shown that delo-
calisation can be used qualitatively to provide
information about the orientation of a
nanoparticle. It can also be used to provide
quantitative information about the absolute
defocus value of a nanoparticle, when com-
bined with diffractogram analysis. This infor-
mation is useful for the interpretation of
results obtained using techniques such as
through-focus exit wavefunction restoration.
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Theoretical  relationship bet-
ween defocus and the extent of
delocalisation (.e. the image
displacement) plotted asa func-
tion of spatial frequency for Pt at
200V,
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Fgure 6:

Amplitude (@) and phase (b)
images obtained by applying
geomefrical phase analysis to
the images of a Pt particle
shown in (c), for three different
defocus values. The amplitude
images are more noisy than the
phase images and are less
useful for determining image
displacements,

Fgure 7:

Dotted line: expected depen-
dence of delocalisation plotted
asa function of defocus for the
spatial frequency 111 for Pt
at 200 kY, for C;= 0.5 mm.
Gircles: experimental image dis
placements plotted as a func-
tion of defocus determined

Extent of delocalisation (nm)

from diffractograms. The dis-
placement between the exper-
mental and expected lings pro-
viclesa measure of the height of
the particle from the support
film.
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