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Size-dependent alignment of Fe nanoparticles upon deposition onto W(110)
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Using in situ electron diffraction we study the orientation of mass-selected iron nanoparticles upon deposi-
tion onto single crystalline W(110) at room temperature. It is found that particles with a diameter below about
4 nm and a kinetic energy =0.1 electron volt per atom spontaneously align with respect to the substrate. Larger
particles preferentially rest with their (001) and (110) facets parallel to the surface, but do not show further
alignment. The data may hint at thermally activated dislocation motions upon the impact on the substrate which
are responsible for the observed orientation below 4 nm. By this uniformly oriented monodisperse nanostruc-

tures can be prepared on single-crystalline substrates.
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Size, shape, structure, and orientation of supported nano-
structures have crucial impact on their electronic, optical,
catalytic, and magnetic properties.'™* Thus, gaining control
over these parameters is subject of intense research and a
number of methods has been developed for the preparation
of monodisperse particles with uniform properties.”® Among
them the deposition of preformed clusters has attracted much
attention in the past since it enables stabilization of nano-
structures far from thermal equilibrium and virtually any ma-
terial and particle-size combination.”!? It was found that the
mobility, shape, and a possible epitaxial relation to the sub-
strate are governed by the kinetic energy, the adsorption en-
ergy, and the lattice mismatch between the clusters and the
substrate.®” It also turned out that epitaxy between deposited
particles and a single-crystalline substrate can be achieved at
relatively high impact energies or wupon thermal
annealing.'"'> However, under these conditions the particle
shape as well as the substrate surface may not be
conserved.'!'!13 Spontaneous epitaxial alignment at room tem-
perature and under soft-landing conditions has been reported
for particular cases,'*!3 but an experimental investigation of
size-dependent alignment phenomena and the mechanisms
involved is still lacking, and thus, is the aim of the present
contribution.

Epitaxial alignment is particularly an important issue with
magnetic nanostructures, since it may enable the formation
of particle arrays with uniformly oriented magnetization axes
as required, e.g., in magnetic storage devices. From a funda-
mental point of view one may wish to understand in how far
interface-related phenomena known from epitaxially grown
films (e.g., strain and interface-induced contributions to the
magnetocrystalline anisotropy) are also present in deposited
nanoparticles.'® An intensively studied model system for the
relation between epitaxial growth and the resulting magnetic
properties of nanostructures is given by Fe on W(110).!” Fe
nanoparticles studied here possess a bulklike body-centered
cubic (bec) crystal structure with (110) and (001) surface
facets forming a truncated dodecahedron according to the
Wulff theorem,!® cf. the sketch further below in Fig. 3(e).
Depending on their orientation upon deposition the particles
may therefore show a similar crystallographic relation as epi-
taxially grown bcc(110) Fe films on W(110), or, alterna-
tively, novel nonepitaxial interfaces as, e.g., Fe(001)/W(110)
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with so far unknown properties, which are hardly accessible
by other means.

In this Brief Report we show by means of in situ electron
diffraction that Fe nanoparticles below a critical particle di-
ameter between 2 and 4 nm spontaneously align on W(110)
(without the need of thermal annealing). Larger particles are
found to land preferentially on their surface facets but with
random azimuthal orientation with respect to the substrate
lattice. In these experiments, we particularly benefit from the
enhanced surface sensitivity provided by the grazing inci-
dence in reflection high-energy electron diffraction
(RHEED). While the W(110) substrate shows a well-known
RHEED pattern determined by the two-dimensional surface
lattice, the deposited nanoparticles represent three-
dimensional structures and are thus probed in transmission.
Therefore, randomly oriented particles give rise to a Debye-
Scherrer ring pattern analogously to conventional powder
diffraction. In contrast, ordered particles show distinct dif-
fraction spots occurring and vanishing when azimuthally ro-
tating the sample. Thereby the RHEED pattern of the W(110)
substrate serves as a reference and, thus, allows us to study,
both, the relative orientation of the particles with respect to
the substrate and also possible strain in the nanoparticles.

The room-temperature experiments are performed in an
ultrahigh-vacuum chamber system combining a substrate
preparation stage with a RHEED apparatus and an arc cluster
ion source (ACIS).!” The base pressure is <1X 107! mbar.
In our setup the ACIS focuses a continuous beam of size-
selected nanoparticles onto a W(110) crystal being aligned in
the RHEED chamber, cf. Fig. 1(a). This enables us to follow
changes in the electron-diffraction pattern during particle
deposition. The RHEED system consists of a phosphorus
screen [represented by a typical diffraction pattern of W(110)
in the figure] and an electron gun. The electron energy is set
to 25 keV. The azimuthal orientation of the sample can be
varied by any angle ¢ between the W[110] axis and the
electron beam. In the present experiments the angle of inci-
dence ranges between 0.5° and 2.5°. The actual sample ori-
entation is obtained from analyzing the full W(110) RHEED
pattern by means of Ewald sphere construction. The cluster
source provides mass-filtered, pure metallic clusters with the
diameter D tunable in the range from 2 to 25 nm.?%?' The
particle beam shows a narrow size distribution with a
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FIG. 1. (Color online) (a) Experimental setup for in situ
electron-diffraction studies in a nanoparticle deposition experiment.
The depicted diffraction pattern shows the zeroth (ZOLZ) and first-
order Laue zone (FOLZ) of the bare W(110) crystal surface. (b)
Enlarged central section of a W(110) RHEED pattern before nano-
particle deposition, but at different orientation ¢ when compared to
(a). (c) Diffraction pattern after deposition of Fe nanoparticles with
D=20 nm.

FWHM of AD/D~0.15. The kinetic energy of the clusters
En<0.1 eV/atom ensures soft-landing conditions. Prior to
the cluster deposition the W(110) crystal is prepared by re-
peated cycles of heating in oxygen atmosphere and subse-
quent flashing up to 2400 K as described in the literature.??
The cleanliness and surface quality is checked by means of
low-energy electron diffraction.

An enlarged central section of the RHEED pattern of
W(110) at ¢=69° is given in Fig. 1(b). The deposition of a
few tens of Fe nanoparticles per square micron with D
=20%*3 nm leads to the formation of several diffraction
rings in addition to the unchanged W(110) features as shown
in Fig. 1(c). These rings correspond to the (110), (200),
(211), (310), and (321) Debye-Scherrer rings of bee iron, and
thus originate from randomly oriented nanoparticles. The
(200) ring reveals an additional texture at the upper rim. This
intense 200 spot stems from reflection by sets of (100) iron
planes parallel to the sample surface and thus accounts for
particles oriented with their (100) facets parallel to the sub-
strate. A similar reflection is found on the (110) ring. This
pattern is independent from the azimuthal sample orientation
and therefore indicates particles resting with their (001) and
(110) facets parallel to the substrate surface, but having a
random azimuthal orientation. The same is found for par-
ticles with D=25*3 nm and 13*2 nm as presented in
Figs. 2(a) and 2(b).

Smaller particles show qualitatively different diffraction
patterns, cf. Figs. 2(c) and 2(d) for D=4.0%£0.5 nm and
2.0*=0.5 nm, respectively. The reduced or vanishing ring
intensities and the altered spot pattern hint at the onset of
ordering. Rotating the samples reveals a periodic appearance
and disappearance of certain reflexes as shown for the 4 nm
particles in Figs. 3(a)-3(d).”* Analyzing the angular-
dependent data yields a (110)gll(110)y and [001]gI[001 ]y
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FIG. 2. Size-dependent Fe nanoparticle diffraction patterns. The
larger particles in (a) and (b) give rise to a Debye-Scherrer powder
pattern with a texture given by intense 200 and 110 reflexes (as
denoted by arrows). Smaller particles show weak (c) or no (d) dif-
fraction rings and an altered spot pattern, indicating the onset of
spontaneous alignment relative to the substrate.

orientation, similarly to iron films epitaxially grown on
W(110). Figure 3(e) shows a sketch of such an epitaxially
aligned Fe particle with an ideal shape according to the
Wulff theorem. (Real particles are slightly flattened upon
deposition onto a substrate.'®) Accordingly, the 4 nm particle
sample consists of epitaxially ordered particles and a fraction
of randomly oriented particles which gives rise to the re-
maining diffraction rings in Fig. 3. With 2 nm particles no
rings appear, cf. Fig. 2(d), thus the full sample is epitaxially
ordered. We may note that even for the smallest systems
electron diffraction leads to distinct spots, which are not
blurred or transformed into streaks. Correspondingly the
clusters retain a three-dimensional shape and are not flat-
tened to two-dimensional islands.

Our data are first discussed with respect to recent
molecular-dynamics simulations.'> According to those, two
possible alignment processes can be distinguished: (i) ther-
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FIG. 3. Diffraction patterns recorded at different azimuthal ori-
entations (a)—(d) reveal an epitaxial alignment of Fe nanoparticles
with D=4 nm on W(110). For clarity the inset in (d) shows a line
scan through the faint 211 reflex. A sketch of a cluster (assuming a
shape according to the Wulff theorem) in the corresponding
(110)gelI(110)y and [001]gII[001]y orientation on the substrate is
shown in (e).
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mally activated motion of dislocations and (ii) mechanical
melting. The latter requires that upon impact the cluster tem-
porarily reaches the temperature for superheating which is
usually somewhat higher than the respective thermal bulk
melting temperature.'> To compare our data to these results
we may estimate the temperature increase of the 2 nm par-
ticles from their kinetic energy Ey;, of the impact and the
adhesion energy E,q, released upon contact with the sub-
strate. From the deposition parameters given above and the
number of atoms being N ~430 we obtain E;, =43 eV. The
adhesion energy can in a first approximation be associated
with the gain of surface energy given by E,g=A(Vge+ yw)
with yg.=15 eV/nm? and yw=25 eV/nm? being the sur-
face energies of iron and tungsten, respectively.”* The con-
tact area of particles of this size, cf. Fig. 3(e), amounts to
A~1 nm? and thus leads to E,q,~40 eV. Taking into ac-
count that half of the energy is dissipated into the substrate
the available energy in the nanoparticle amounts to AE
=(E,qn+Exin)/2~42 eV. Finally, applying the equipartition
theorem expressed as (3/2)ATNkz=AE/2 (Ref. 15) yields a
temperature increase of AT~380 K. Thus, a 2 nm particle
may reach 7=300 K+AT~680 K in the present experi-
ments, which is far below the melting temperature of bulk
iron 7,,=1808 K and still below the reduced melting tem-
perature of T,,=900 K as expected for 2 nm particles.”
Similarly, for 4 nm particles one obtains a temperature in-
crease of only 280 K while the reduced melting temperature
is about 1680 K. These estimates may therefore favor ther-
mally activated motion of dislocations instead of melting as
the relevant ordering mechanism. Further support for this
conclusion comes from subsequent annealing experiments
(not shown) where it is found that, e.g., the 13 nm particles
realign (from random to epitaxial orientation) at about 640
K, which is clearly below the melting temperature. However,
besides activated motion of dislocations and melting of the
whole particle other mechanisms should be considered. For
instance, surface or local melting might be relevant, i.e., at-
oms closer to the substrate could form a transient liquid state
at the time of impact. This could also contribute to the ob-
served flattening of the particles.'®

The properties of epitaxially ordered systems are strongly
influenced by the symmetry and parameters of the involved
crystal lattices. In the present case the different lattice param-
eters of iron (ap,=2.87 A) and tungsten (aw=3.16 A)
might induce noticeable strain in the aligned nanoparticles.
Using the W(110) RHEED pattern as reference we can ad-
dress this quantitatively in our data as shown in Fig. 4(a).

This graph displays two line scans across the Fe 020 and the
200 spots and the related W streaks, respectively. Kinemati-
cal scattering theory shows that the horizontal separation of
the Fe spots and the corresponding streaks of the W(110)
surface lattice, dp. and dy( ), respectively, is inversely pro-
portional to the ratio of the corresponding lattice constants:
dw(110)/ dpe=arpe! ay. From the data of the 2 and 4 nm iron
particles at different angles we find an (isotropic) ratio of
about dy 110/ dpe=0.90*0.03 as shown in Fig. 4(b). This
reveals a bulklike ratio of the lattice constants within the
experimental error bars, and thus surprisingly indicates a re-
laxed crystal lattice in the iron particles. However, from epi-
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FIG. 4. (a) Intensity profiles along the dashed lines in Fig. 3(c).
Open circles correspond to A and black circles to B. The peaks
across the 020 and the 200 Fe spots and the relevant W(110) streaks
are denoted by the arrows. (b) The angular dependent ratio
dy(110)/ dge as obtained from 2 and 4 nm particles.

taxially grown Fe films on W(110) it is known that the
misfit-induced strain is relaxed after the first four atomic
monolayers.” An epitaxially ordered nanoparticle with D
=2 nm [as shown in Fig. 3(e)] consists of a stack of about 11
atomic (110) layers. Similar to the films possible strain might
thus be present only in the first few layers at the interface
while the diffraction pattern is dominated by the larger num-
ber of relaxed layers.

In conclusion, using in situ reflection high-energy electron
reflection we studied the alignment of mass-filtered iron
nanocrystals upon deposition onto W(110). All investigated
particles with diameters ranging from 2 to 25 nm showed a
bulklike iron crystal structure and retain their three-
dimensional shape upon deposition. Particles with a diameter
above about 4 nm tend to rest preferentially on their (001)
and (110) surface facets, but with arbitrary in-plane orienta-
tion. Below that size the particles spontaneously align in a
(110)g11(110)yy and [001]gNI[001]y configuration. More-
over, we find that misfit-induced strain in the epitaxially or-
dered particles might be restricted to the first few atomic
layers at the interface. The data may further support recent
molecular-dynamics simulations and give a hint at thermally
activated dislocation motion as an effective ordering mecha-
nism in low-energy deposition experiments. However, other
effects as, e.g., transient melting close to the interface at the
time of impact might be considered as well. Independent of
the actual nature of the ordering mechanism, we expect that
the observed size-dependent alignment is a general phenom-
enon and might be found in other systems. Thus, our findings
may open an alternative route to magnetic nanostructures
with tunable and uniform properties.
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