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Hard-magnetic nanomaterials like nanoparticles of FePt are of great interest because of their promising
potential for data storage applications. The magnetic properties of FePt structures strongly differ
whether the crystal phases are face centered cubic (fcc) or face centered tetragonal (fct). We evaluated
aberration corrected HRTEM, electron diffraction and aberration corrected HAADF-STEM as methods to
measure the chemical degree of order S that describes the ordering of Pt and Fe atoms within the
crystals unit cells. S/TEM experiments are accompanied by image calculations. The findings are
compared with results obtained from X-ray diffraction on a FePt film. Our results show that STEM is a
reasonable fast approach over HRTEM and electron diffraction to locally determine the chemical degree

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hard-magnetic nanoparticles are of great interest because of
their promising potential for data storage applications [1], sensor
devices [2] or medical treatments [3]. Current synthesis techni-
ques like the micellar approach [4] or gas-phase preparation [5]
allow precise production of magnetic nanoparticles from
2 to 15nm consisting of FePt or CoPt with a narrow size
distribution at equiatomic composition [4]. The magnetic
properties of such tiny compound magnets are directly related
to the structural (dis)ordering of Fe, respectively, Co, and Pt
atoms on the atomic scale. For understanding this particular
structure-property relationship, a structural analysis method
with high spatial resolution and high chemical sensitivity is
essential.

FesoPtso alloys are mostly prepared in the disordered face
centered cubic (fcc) crystal structure [6] with Fe and Pt atoms
randomly distributed within the crystals unit cell. In the
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composition window of roughly 40-65% Fe atom fraction [7], a
transition into the face centered tetragonal (fct) phase (also called
L1y phase) occurs at elevated temperature of 450 °C in thin films
and of 650 °C in nanoparticles, respectively [6]. This transition is
accompanied by structural ordering of Fe and Pt atoms in
bi-layers along [00 1] direction: one layer only consists of Fe
atoms, the other only of Pt atoms. This ordering goes along with a
small compression of the c-axis of the unit cell, i.e. the lattice
parameter ratio c/a changes. Any intermediate degree of chemical
order can be described by the order parameter S=2P—1, where
P is the fraction of Fe (Pt) atoms on their specific sites in the unit
cell. S ranges from 0% (pure fcc phase) to 100% (perfect fct phase).
This structural property, described by S, is directly linked to the
magnetic properties of FePt (in case of Fe:Pt=50:50) for bulk
systems [8]. The perfectly ordered fct phase has a magnetocrystal-
line anisotropy energy density (MAE) of 6 x 10° ] m 3 that is up to
60 times larger than that of the disordered fcc phase with
1x10°Jm~—3[9].

The parameter S can be easily determined on films of FePt
using X-ray diffraction either comparing the intensities of (00 2)
reflection (valid for fcc and fct phase) and (0 0 1) reflection (valid
only for fct phase) or by determining the ratio of a- and c-lattice
parameters e.g. [10,11]. However, for small FePt particles
deposited on a crystalline support such as (100) MgO, X-ray
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diffraction cannot be applied for two reasons: (i) it does not give
sufficient signal from the FePt nanoparticles and (ii) the c/a ratio
cannot be used as the FePt grows epitaxial on MgO(001) with
large strain (MgO and FePt have a lattice misfit of about 10%).

Magnetic properties of those structures are usually measured
using superconducting interference devices (SQUID) or the X-ray
magnetic circular dichroism (XMCD) integrating over a large
number of particles e.g. [4,8]. However, properties of single
particles cannot be accessed by those methods. Microscopic
techniques, such as Lorentz microscopy and electron holography,
allow determining magnetic properties of single nanoparticles
[12,13]. However, spatial resolution is currently limited to a few
nanometers. The sensitivity of the method in terms of magnetic
detection limit depends on the precision to detect small shifts of
the phase of the electron wave that is currently about 7/30. This is
not sufficient to measure the magnetic properties of FePt particles
with sizes smaller than 5 nm.

Structural and chemical information on the atomic scale (i.e.
Angstrom and or even sub-Angstrem resolution) could be
accessed by the latest generation scanning/transmission electron
microscopes (S/TEM) equipped with aberration correctors
[14-16]. Free standing fcc and fct FePt particles have already
been studied by Dmitrieva and co-workers [17-19] using
quantitative HRTEM accompanied by image calculations. In these
previous works the ratio of FePt particles that are showing
features of the fct phase versus particles that are showing features
of the fcc phase was determined in dependence of the preparation
or treatment of the particles. Particles that are in an intermediate
state e.g. the chemical degree of order is S=0.5 have been
categorized either on the side of pure fct particles or of pure fcc
particles. FePt particles [20] and FePd particles [20-22] were
studied by Sato and co-workers by aberration corrected TEM and
nanobeam diffraction. In these works ordering effects of the
particles were investigated showing a size-dependent ordering as
well lattice parameter changes because of composition changes.

In our present work, we are going to explore the possibilities of
corrected S/TEMs to determine the atomic structure and the
parameter S of FePt films and particles by S/TEM experiments
combined with image calculation. Because the chemical degree of
order S and magnetic properties are directly linked to each other
for bulk systems and strain-free thin films, our local structural
analysis utilizing S/TEM could supersede or even replace
integrating methods such as XMCD or SQUID. In our special case,
aberration corrected S/TEM can moreover fill the lower gap in
magnetic information retrieval that cannot be covered yet
because of either resolution or sensitivity limitations in Lorentz
microscopy and in Lorentz electron holography.

Here, we are evaluating on the basis of image and diffraction
calculations the appropriate corrected S/TEM method to determine
the order degree S in FePt nanoparticles and thin films. The
appropriate S/TEM experiments on a FePt film are compared with
the results obtained from X-ray diffraction of the identical FePt film
prior TEM sample preparation.

2. Materials and methods

FePt particles (average diameter 5nm) with epitactic
relationship to MgO substrate have been prepared using
dip-coating of Fe- and Pt-salt loaded micelles on MgO followed
by subsequent oxygen and hydrogen plasma etching and thermal
annealing (see [4] for details). A thin film (10 nm) of SiO, was
deposited on top of the particles to protect the particles from
oxidation prior to TEM sample preparation.

Thin films of FePt (30 nm) on MgO have been prepared using
pulsed laser deposition (PLD) followed by annealing (see [23] for

details). The parameter S has been determined by X-ray diffraction
measuring the ratio of (00 1) and (0 0 2) reflections.

TEM samples have been prepared using standard cross-section
techniques i.e. cutting of stripes and gluing them, mechanical
grinding and polishing followed by low angle Ar-ion milling. TEM
investigations were carried out using aberration corrected
imaging and scanning systems of the type FEI Titan 80-300
microscope operating at 300 kV. The aberrations were tuned until
a phase plate of better than 20 mrad was reached in accordance to
the n/4 criteria. The residual errors of the measurements of the
aberrations (printout of CEOS’ corrector software) were larger
than the measured aberrations (e.g. coma B, better than 20 nm,
spherical aberration, 4-fold astigmatism A3 better than 1 pm). The
spherical aberration Cs was chosen to be slightly negative at
(=54 1)um to optimize the contrast for the case of HRTEM
imaging [24]. Aberration corrected high resolution (HR) TEM
images have been acquired using a Gatan Ultrascan 1000 slow
scan CCD camera. Corrected Z-contrast STEM images were
acquired using a Fischione HAADF detector. The collection angles
for HAADF detector were between 40 and 200 mrad (small
camera length). STEM images were digitally processed for better
visualization using a Wien-filtering technique to lower the
scanning noise artefacts without losing the information of the
intensities. Using the FFT of the images, masks with 10 pixel radii
including a 3 pixel wide cuff-off were positioned around the 00 0
reflections (intensity information) and the Bragg-reflections
(atomic column position information). After applying the mask,

Fig. 1. FePt nanoparticles on (1 0 0) MgO. (a) Overview of the bright-field TEM
image showing regular particles on top of MgO and (b) aberration corrected
HRTEM image of a [1 0 0] fct FePt particle on MgO.
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Fig. 2. Focus series of aberration corrected HRTEM image calculations of [1 0 0]
FePt nanoparticles with various chemical degree of order (from left to right: 0%
corresponds to disordered fcc lattice (Fe and Pt atoms randomly distributed), 100%
to perfect ordered fct lattice (one plane Fe atoms, next plane Pt atoms)).
Calculation parameters: Doyle-Turner scattering potential, E=300kV,
Cs=—5pum.
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an inverse FFT has been calculated. The intensity of Fe and Pt
columns was determined on the unprocessed STEM images
applying the following procedure: via a Gatan Digital Micrograph
script based on geometrical phase analysis (GPA) [25] the actual
position of the Pt and Fe columns was determined (GPA was
basically developed by Hytch to measure strain in HRTEM images
[25]; here it is used to determine basically the STEM distortions
and find the correct position of the single columns within the
images). Then the intensity of each single Fe and Pt column was
automatically measured by summing up the Fe and Pt signal
within a 3 pixel wide aperture around the columns in real space

Fig. 3. Aberration corrected HRTEM image calculation of [1 0 0] FePt nanoparticles
with various chemical degree of order embedded in amorphous SiO,. Calculation
parameters: Doyle-Turner scattering potential, E=300kV, Cs=—5 pm, Focus
—4 nm.

a 0% 25% 42%

(3 pixel corresponds to 0.03 nm; a sampling of 0.01 nm/pixel was
used during STEM acquisition. The distance between two adjacent
Fe and Pt columns is 0.18 nm, respectively, 18 pixel). The average
value of intensities between the columns was subtracted as
background (I,g) from the column signal. The ratio of intensity
was finally calculated by Ire/pr=(Ire — Ing)/(Ipt — Ibg)-

The atomic models of FePt particles were prepared using a
custom-made program. Image calculations have been carried out
using the program MUSLI [26]. The sizes of the matrices for the
FFT calculation were chosen to be 512 x512 (free standing
particles), respectively, 1024 x 1024 (particles embedded in
amorphous SiO;) resulting in a sampling size of smaller than
0.01 nm/pixel. HRTEM imaging parameters were applied to fit to
the experimental data: Cs=—5 um and small steps for defocus
(some nanometers). For calculation of Z-contrast STEM images,
thermal diffuse scattering using frozen phonon model has been
applied [27,28]. The collection angle for scattered electrons was
chosen to be the same as in the experiments (40-200 mrad).

3. Results and discussion

Fig. 1a shows an overview bright-field TEM image of FePt
particles on (1 00) MgO. The particles have an average size of
5nm in diameter. Fig. 1b shows an aberration corrected
HRTEM image of one FePt particle. The particle is aligned along
the MgO substrate. The particle shows the typical lattice fringes
of the fct-crystal with (00 1) planes parallel to the surface,
(the substrate-particle orientation relationship is: (1 0 O)pept//
(10 O)MgOv (01 0)pepe//(0 1 0)mgo and (00 1)gep//(00 1)Mgo)-

In the next step, HRTEM image calculations have been carried
out to analyze whether or not aberration corrected HRTEM lattice
fringe contrast allows to determine the degree of chemical order
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Fig. 4. (a) Calculated electron diffraction patterns of FePt particles containing various degree of chemical degree of order S (left 0% (fcc), right 100% (fct)) and (b) the
intensity of (0 0 2) reflection (valid for fcc and fct) and (0 0 1) reflection valid for fct (kinematical diffraction case) is plotted versus the chemical degree of order. Dynamic
scattering is dominant above 75%, therefore the curve is marked by the dotted line only.
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S. To evaluate the contrast of fct particle-superlattice-reflections
in more detail, crystal models of FePt nanoparticles with similar
size and shape of the particle shown in Fig. 1b have been
calculated. The models contain different degrees of chemical
ordering ranging from fcc (0% ordering, left column of particles in
Fig. 2) up to fct structure (100% ordering, right column of particles
in Fig. 2). Ordering between 0% and 56% predominantly shows the
column contrast of the (002) reflection with varying local
changes depending on the focus. The influence of the (001)
reflection can be seen in the HRTEM images at ordering of
75-100%. But only at 100% ordering (pure fct structure) a regular
and uniform contrast of the atomic columns is present. For better
fitting of the contrast features between experiment and
simulations, the thickness of the amorphous background of the
SiO, protection layer has to be known. Its influence is
demonstrated by additional image simulation shown in Fig. 3,
where the FePt particle model has been embedded in an
amorphous SiO, matrix. It is seen that additional blurring of the
atomic columns appears and the qualitatively best focus is —4 nm
in contrary to the free-standing particle with +4 nm. Because of
the irregularities in contrast to the atomic columns, which not
only depends on ordering but on focus, thickness and amorphous
background, plots of intensities are not reasonable. However, by
careful investigation of the contrast details, the experiment
shown in Fig. 1b could be fitted to an order parameter S of the
particle ranging between 56% and 75%.

a 0%

25% 42%

823

In addition, more parameters are able to change the HRTEM
contrast such as mistilt and strain within the particles because of
lattice mismatch between MgO and FePt. Therefore, the use
of aberration-corrected HRTEM imaging to determine the degree
of chemical order S of FePt in exact numbers is not conclusive
without further image analysis and extensive image calculations.

Next, it has been evaluated whether or not selected area
electron diffraction (SAED) is a possible and an applicable (fast)
method to determine quantitatively the order parameter S. Fig. 4a
shows calculated diffraction patterns of 5 nm FePt particles with
different degrees of chemical order. The intensities of (00 2)
(valid for fcc and fct) and (00 1) (valid for fct) reflections are
plotted versus S in Fig. 4b. At about S=75% ordering, the slopes of
the curves drastically change. This can be interpreted as an effect
of dynamic scattering. It is interesting to note that here the
dynamic scattering is not thickness dependent (all particles have
the same thickness). The dynamic scattering depends on the local
(ordering) distribution of strong scattering (Pt) and weak
scattering atoms (Fe). This indicates that even for small particles
(diameter 5 nm) and high accelerating voltage (300 kV), electron
diffraction cannot be applied without considering dynamic
scattering to determine the parameter S when measuring the
ratio between (00 1) and (0 0 2) reflections. Taken the dynamic
scattering into account, the exact thickness of the particle has to
be known and included into a full dynamic calculation such as in
the case of HRTEM imaging.
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Fig. 5. (a) Calculated HAADF-STEM images of freestanding FePt particles with varying chemical degree of order S, (b) calculated HAADF-STEM images of FePt particles with
varying chemical degree of order S additionally embedded into amorphous SiO,. The contrast between the columns increases with increase of ordering in both sets of
images, (c) plot of the intensities of Fe and Pt column versus the chemical degree of order S. At 0% ordering, Pt and Fe column cannot be distinguished. The amorphous SiO,
has an insignificant effect on the intensity of Fe and Pt columns (dashed curves) and (d) plot of the ratio of intensities of Fe/Pt column versus the order degree using the data

of the free standing particles.
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Now it will be evaluated whether or not aberration corrected
Z-contrast STEM has the sensitivity to correctly determine S in a
wide range. Fig. 5a shows calculated Z-contrast STEM images of
freestanding FePt nanoparticles. In Fig. 5b the particles are
embedded into amorphous SiO, (same models were used as
shown in Fig. 3). As in the case of HRTEM calculation (compare
Figs. 2 and 3), the contrast between the atomic columns increases
with increase of S. Already at S=75% Fe and Pt atom columns can
easily be distinguished by naked eye inspection. The contrast
between Fe and Pt columns of the embedded nanoparticles
(Fig. 5b) seems to be weaker but this is an artefact of the limited
colorspace (256 greyscales) and the linear scaling of greyscales.
The plots in Fig. 5c show the intensities of the atomic columns as a
function of S. The signal of the Pt column steadily increases with S,
while the signal of the Fe column lowers accordingly. Here, it can
be seen that the underground of amorphous SiO, does only
insignificantly affect the intensities of Fe and Pt (dashed curves in
Fig. 5c). Finally, in Fig. 5d the ratio of intensities of Fe/Pt as a
function of S is shown. This graph can be used as a calibration
curve to determine S. It should therefore be possible to determine
S by simply measuring the ratio of intensity of Fe/Pt columns in
STEM image that offers sufficient resolution and signal-to-noise
ratio. One may note that the error bar of such type of analysis is
rather large for low values of S while for S > 30%, a steeper slope is
observed resulting in a more precise evaluation of S.

Experiments with aberration corrected STEM on FePt films
have been recorded in order to test this method. Prior to the STEM
experiments, the FePt film was investigated by X-ray diffraction
and S has been determined to be (65 + 2)%. However, the actual
accuracy of X-ray diffraction measurements in terms of S
determination is limited in case of epitaxially grown thin FePt
films on MgO, as described before. An aberration corrected STEM
image of a FePt film is shown in Fig. 6a. Even with a corrected
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Fig. 6. (a) Aberration corrected STEM image of a FePt film and (b) Wien-filtered
image of the original data shown in and (c) map of the intensity ratio of Fe/Pt
columns using the data of (a). Each pixel stands for the intensity ratio of a pair of
adjacent Fe and Pt columns. The grey values correspond to magnitude of the ratio
and are indicated by the scalebar and (d) map of the chemical degree of order S,
the marked areas of the STEM image. The grey values that correspond to the
magnitude of S are indicated by the scalebar. S was determined to be 81% for the
whole image. Please note that the border pixel of (c,d) contains artefacts.

STEM system that delivers a nominal point-to-point resolution
better than 0.1 nm and high current densities, the signal-to-noise-
ratio is still weak. Moreover, the experiment was complicated by
drifting first order astigmatism caused probably by the strong
magnetic stray field of the sample. However, filtering the image
and removing high frequency noise using a Wien-filter, finally
allows resolving the weaker Fe columns clearly (see noise filtered
image in Fig. 6b). Fig. 6¢ shows a local map of the intensity ratio
between Fe and Pt columns. Each pixel of Fig. 6¢ stands for a pair
of adjacent Fe and Pt columns. For the whole image an average
ratio of intensities of Fe/Pt columns was determined to be
047 £0.05 (Ip;=1.0, Ige=0.55, I,;=0.15; intensities were
normalized to Ip,=1.0; all data are averages using root mean
square). A local map of the parameter S was calculated using the
calibration curve presented in Fig. 5c. The map is shown in Fig. 6d.
The average order parameter is S=(81+7)%. The ratio of
intensities and the parameter S varies over the images. The
reason for the variation of intensity ratio and S could be a real
variation of the ordering on the nanoscale. Another explanation
could be sample bending that results in small mistilts from the
[100] zone axis of FePt that could change contrast of Fe and Pt
columns [18].

The average value of S=(81+ 7)% differs slightly from the
results obtained by X-ray diffraction. X-ray diffraction averages on
a larger size scale, has limitations if lattice strain is involved, is not
applicable on nanoparticles, and cannot detect local changes. Our
investigations showed that corrected STEM is a feasible and
reasonable approach to measure on the nanoscale level the degree
of ordering S.

Our on-going investigations are focused on clarifying how the
method can be enhanced in terms of accuracy and reliability.

4. Summary

In FePt nanoparticles and films, the structural property
chemical degree of order (S) is linked to the magnetic behaviour.
S=0% is linked to fcc phase with a low magnetocrystalline
anisotropy energy density (MAE), S=100% to the perfect fct phase
with a very high MAE.

We evaluated aberration corrected HRTEM, electron diffraction
and aberration corrected HAADF-STEM as methods to measure
the chemical degree of order S, and thereby the magnetic property
of FePt nanoparticles and thin films. HRTEM and electron
diffraction suffer from dynamic scattering and are not suitable
fast methods unless other parameters such as diameter or
thickness of the particles are exactly determined and full dynamic
calculations have been carried out. Z-contrast STEM is more rigid
against dynamic scattering, scales linearly with thickness and is
the method of choice to determine S. Using a curve based on
image calculation as calibration standard, the parameter S could
be locally determined on a nanoscale.
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