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Direct Observation of a Surface Induced Disordering Process in Magnetic Nanoparticles
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We present experimental evidence of surface induced disordering at magnetic FeCoPd nanoparticles
during the L1,-A1 phase transition using high-resolution aberration-corrected electron microscopy and
strain mapping. In situ electron diffraction studies show a narrow temperature range of fully ordered L1,
structure. The order-disorder transition is size dependent and induces strong lattice deformation in outer
part of the nanocrystals. The formation of unusually large strain of 20% is discussed in terms of core-shell
structure formation with surface disordered layer and ordered core.
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Nanoparticles (NPs) have unique properties because
they are finite small objects with large surface-volume
ratio, which makes them suitable for novel functional
applications. NPs that possess magnetic properties offer
exciting new opportunities for applications ranging from
biomedical purposes [1,2] to magnetic recording [3]. The
type of magnetism often varies depending on the size and
structure of the crystals. For example, magnetic particles of
the FePt family are superparamagnetic below a critical size
[4], than show soft ferromagnetism in disordered state, and
presence of strong magnetic anisotropy when the structure
is ordered. The order (tetragonal, L1,) disorder (cubic, A1)
transformation is size dependent and the results of theo-
retical modeling suggest that the disordering process is
surface related [5,6].

The attractive magnetic properties [7,8] of the LI,
structure originate from their ordered crystal structure
(CuAu (I) type) where typically the Fe(Co) and Pd(Pt)
atoms alternate along the [001] direction which is the
magnetic easy axis. The large magnetic anisotropy energy
of the order of ~107 erg/cm? (Refs. [7,8]) allows the nm-
sized particles to withstand thermal fluctuations of the
direction of magnetization which is vital for future high
density magnetic memories [3]. In general, the chemical
ordering of the L1, structure is obtained by annealing at
moderately high temperature and the magnetic anisotropy
strongly correlates with the long-range order parameter of
the L1, structure [9]. The random distribution of the atoms
results in a disordered face centered cubic (fcc) structure
and soft ferromagnetic properties. The order (L1g)-
disorder (A1) structural transformation phenomenon of
nm-sized particles is not well understood. Lipowsky’s
work [10] on bulk first-order phase transition showed that
“a layer of the disordered phase intervenes between the
free surface and ordered bulk.” Recent Monte Carlo simu-
lations [6,11] of L1, order-disorder transition suggest sur-
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face induced disordering mechanism of nm-sized crystals
with a segregation process. The surface segregation has
been shown in work of Wang and co-workers [12]; they
report the lattice expansion of the surface shells of disor-
dered fcc FePt icosahedral NPs caused likely by the pref-
erential Pt segregation.

In this Letter, we show experimentally, for the first time
that disordering process in L1, NPs starts by the formation
of surface disordered layers. The surface volume increase
due to the disordered layer formation, result in formation
of significant strain that heavily distort the structure of the
particles. The observation and quantification of surface
disordered layer formation and the elastic strain in nano-
particles is challenging because of the very small amount
of material and the limitations of the experimental tech-
niques. Recent developments in high resolution transmis-
sion electron microscopy (HRTEM) such as spherical
aberration (Cy) corrected TEM [13,14] gives the advantage
of atomic imaging as it provides a better resolution with
enhanced image contrast and most importantly absence of
delocalization artifacts [15]. In addition, the capability for
precise determination of atomic positions in C-corrected
HRTEM images allows precise quantification of the strain
of the individual NPs by using numerical image-processing
techniques [16,17]. We investigate the ordered L1, phase
formation and the effect of order-disorder phase transfor-
mation processes on functional properties of Co-doped Fe-
Pd particles.

Pd-Co-Fe particles were prepared by sequential depo-
sition in an UHV system at 473 K on NaCl (001) sub-
strates. As a result, a composite structure of seed fcc Pd and
top alloyed body-centered cubic (bcc) CoFe were formed
with epitaxial relationship of [001]gec, || [001]pq,
(110)geco Il (100)pg. A 10-nm-thick amorphous Al,Os
layer was deposited on the surface to prevent the particles
from the oxidation and stabilize them in separated condi-
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tion. The layer was immersed in distilled water and
mounted on Mo grids. A small amount of Co can dissolve
in the L1,-FePd lattice by replacing the Fe sites leading to
an increased magnetic moment of the system [18,19]. Size
distribution of the particles shows a log-normal distribution
with a mean size of 10.5 nm and shape parameter of 0.14.
Chemical composition of the particles was determined by
energy dispersive x-ray spectroscopy as Fe;gsCogPdsg.

We followed the L1 phase formation by the appearance
of the characteristic 110 superlattice reflections as a func-
tion of temperature in the selected area electron diffraction
(SAED) patterns, as shown in Fig. 1(a). For the TEM
analysis, we used a JEM-3000F (JEOL) microscope.
Qualitative information regarding to formation of the te-
tragonal ordered structure is obtained using the intensity
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FIG. 1 (color online). Ordering and disordering process of
NPs. (a) Intensity ratio of I}/l and out-of plane magnetic
coercivity as a function of the annealing temperature. The
1110/l ratio determined in electron diffraction patterns.
Coercivity is measured at room temperature. (b) Conventional
HRTEM image of an L1, ordered NP recorded at 873 K. 110
reflections in the diffractogram (inset) and the large (0.27 nm)
lattice fringes of 110 planes in HRTEM image confirm the L1,
ordered state. The scale bar is 2 nm.

ratio of characteristic 110 superlattice and 220 fundamen-
tal reflections (1,;9/l20) measured in SAED patterns
[Fig. 1(a)]. Multislice simulation of diffraction intensities
shows that the intensity change of 220 reflections during
the phase transformation from the disorder Fe-Co-Pd struc-
ture to the L1, ordered one is negligible (~0.5%). The
increasing 1,0/l ratio [Fig. 1(a)] during the annealing
process consistently shows the evolution of L1 ordering in
NPs up to 873 K due to the fast interdiffusion of Pd and Co-
Fe atoms. Conventional HRTEM analysis of NPs at 873 K
confirmed [Fig. 1(b)] the single crystal L1, phase forma-
tion in NPs with tetragonal ¢ axis (magnetic easy axis)
perpendicular to the image plane. The particles are faceted
and have octahedral shape with truncated edges. The
HRTEM images do not reveal any structural distortion of
the NPs at this temperature. Increasing the temperature
above 873 K results in the gradual decrease of 1,0/l
ratio [Fig. 1(a)] indicating the degradation of the LI
phase. The weakening of 110 reflections relates to the start
of order-disorder transformation process in L1,-FeCoPd
NPs. The disordering process is accelerated above 973 K
reflected in a rapid decrease of the 1,0/ 15 ratio; however,
the ordered reflections in SAED patterns are still observ-
able at 1023 K [Fig. 1(a)]. The observed structural changes
in NPs during annealing process strongly affect their func-
tional properties. We followed the magnetic properties of
NPs by measuring the out-of-plane coercivity at different
temperatures [Fig. 1(a)]. Magnetic properties were mea-
sured using a Quantum Design SQUID magnetometer at
room temperature and at 10 K in perpendicular and parallel
to the substrate surface. The coercivity change strongly
correlates with the structural changes of NPs with the
maximum coercivity of 3480 Oe at room temperature after
the annealing at 873 K [Fig. 1(a)].

To examine the structure of individual NPs after the
annealing, we have carried out nanobeam diffraction
(NBD) analysis (Fig. 2) at room temperature followed
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FIG. 2. Size dependence of L1;-Al phase transformation.
NBD patterns of particles with diameter of 13 (a), 9 (b), and
6 nm (c). Arrows indicate the 110 superlattice reflection of the
L1, phase. The intensity line scans of 110 and 220 reflections
show the disappearance of ordered reflection with decreasing the
size.
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the annealing. Particles larger than 10 nm show the char-
acteristic 110 superlattice reflections of the L1 structure in
NBD pattern [Fig. 2(a)] indicating that the. Close exami-
nation of NBD pattern from the particles smaller than
10 nm show a weak ordered reflection [Fig. 2(b)]. No
sign of ordered structure is present for the particles smaller
than 6 nm [Fig. 2(c)]. The inset intensity line scans along
the 110 and 220 reflections confirm the different order state
of NPs with respect to their size. The NBD and HRTEM
image analyses (not shown) showed that the disordering
process is size dependent and amplified for particles with
diameter less than 10 nm.

‘We now focus on the mechanism of L1-A1l phase trans-
formation. We have used a C,-corrected HRTEM imaging
to reveal the nature of disordering process in nanoparticles,
by measuring precisely their atomic column positions. The
imaging is carried out at room temperature of the in situ
annealed sample. For the C,-corrected TEM analysis, Titan
80-300 (FEI) instrument was used. TEM image acquisition
was performed with a small overfocus and a negative C;
values (C; = —9.6 um). Multislice image simulations
confirm that these image conditions result in bright con-
trast of atomic columns in HRTEM images [Fig. 3(a)
inset]. The HRTEM image and the corresponding digital
diffractogram [Fig. 3(a) inset] clearly show the presence of
the L1 ordered structure in a large NP, while less ordered
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FIG. 3 (color online). Aberration-corrected HRTEM images of
in situ annealed particles. (a) The image recorded from a large
particle (11.8 X 13.9 nm) shows L1, ordered structure with
straight atomic planes. An enlarged simulated HRTEM image
of the L1 structure is inserted. (b) In smaller (8.5 X 8.5 nm)
NPs the edge atomic columns are heavily distorted by the
formation of the surface disordered layer. (c) Typically the last
4-5 atomic columns are displaced. Dashed lines help to guide
the eyes. (d) Schematic cross section shows how the SID forms
an ordered core-disordered shell structure with significant dis-
tortion at the edges.

state and very strong lattice distortion is found in the NPs
with sizes smaller than 9 nm. To show the distortion of the
lattice clearly, a selected area of the edge of the 8.5 nm-
sized NP [Fig. 3(b)] is enlarged and presented in Fig. 3(c).
The atomic planes at the edge of the particle are displaced
from their bulk-core cubic arrangement (labeled with red
doted lines) in both directions [Figs. 3(b) and 3(c)]. We
have found that such distorted surface planes are typical for
annealed NPs in range of diameters from 6 to 9 nm. In this
size range of the NPs, the larger ones show ordered struc-
ture only at their center area. The last four atomic columns
are misplaced for 0.12, 0.09, 0.06, and 0.03 nm with respect
to their bulk-core like positions as shown in Fig. 3(c) for
(100) type of atomic plane. Similar values are obtained for
(010) type of planes (marked by black arrow), which is a
remarkable distortion for the structure.

The distorted surface structure of the NP can be ex-
plained by the formation of the surface disordered layers.
The disordered (A1) Pd-Co-Fe is an fcc while the ordered
L1 is a tetragonal structure with smaller ¢ lattice constant
(ar;, = 0.383 = 0.002 nm, ¢, = 0.375 = 0.002 nm).
By the L1,-A1 phase transformation, the (001) planes
distance is being elongated along the ¢ axis in order to
form the A1l structure. Since the process starts from the
surface, number of the unit cells along the [001] direction
from the surface layers at side [Fig. 3(d) arrow] that
undergo phase transformations is significantly bigger
than the number of unit cell on the top and bottom of
NPs (along [001]). This process produces unequal strain
distribution, which results in a rhombohedral deformation
of the lattice of the surface layers, as outlined by the
schematic cross section of a surface disordered particle in
Fig. 3(d). The interface between the ordered and disor-
dered part of the particle likely has a diffuse transition
character similarly to Au-Cu nanoparticles [20].

The significant volume changes at the particle sides
results in a lattice distortion that introduces a subtle strain
to the particles. We mapped the strain by using peak pairs
algorithm [17] (PPA). For the strain analyses, we used the
same particles that are shown in Fig. 3. Predefined direc-
tions (x and y) were chosen to be parallel and perpendicular
to the [110] direction, as indicated in Fig. 4. Strain analysis
shows compression distortions (e, e,, = 0.2 £ 0.1) at the
edges of small particle, while for large ones, strain values
are negligible (e,,, e,, = 0.0 = 0.05). These results con-
firm that large strain is accumulated at the surface at the
particles, within the 6-9 nm range, due to the order-
disorder transition. Larger particles (bigger than 9 nm)
may have a thin disordered surface layer, but that did not
generate significant lattice distortion and strain.

Present experimental results indicate that the disorder-
ing process begins at the surface and then proceeds to the
interior of the nanoparticles forming a disorder surface and
ordered core structure of the particles for the given size
distribution (and temperature). Unfortunately, the chemical
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FIG. 4 (color online). Strain distribution in the NPs in Fig. 3.
Strain maps of e,, (a) and e,, (b) of small NP show a remarkable
tensile stress at the edges of the particle (a) and (b) while for
large NP, strain is not present (c) and (d).

distribution of the atoms in annealed nanoparticles, which
is necessary to reveal the surface composition and segre-
gation process, is not possible from the methods used in
this study. Dedicated future experiments will be necessary
to reveal the extent of the surface segregation effect during
the order-disorder transition.

In summary, recent advances in aberration corrected
atomic imaging and the related direct measurements of
strain distribution in crystalline nm-sized particles made
possible direct observation of the surface induced disorder-
ing process of L1,-FeCoPd particles. Disordering is size
dependent phenomenon, which is more pronounced in
smaller particles due to the large surface/volume ratio.
The core-shell structure, resulting from order-disorder
transformation, introduces significant lattice distortions
and strain to the particles’ surface. The magnetic properties
are directly correlated to their structural changes observed
during the annealing process. Our results give a new insight
to L1j-A1l phase transformation mechanism of crystalline
particles that can be a general process applicable for other
type of order-disorder transition of nanostructures.
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