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Abstract—We present in this report the route to produce highly-textured Aus;Fe(111)/Fe(110) hybrid nano-
crystals on an amorphous surface of SiO,/Si by molecular beam epitaxy. By controlling the quantity of Au
atoms deposited onto the SiO,/Si it is possible to tune the average lateral size of resultant Au—Fe hybrid nano-
crystals from 10—20 nm up to 100—150 nm at the same Fe nominal thickness deposited. This process is sen-
sitive to the initial density and size of Au islands. Examination of Au—Fe hybrid nanocrystals obtained was
carried out using X-ray diffraction, transmission and scanning electron microscopy, reflection high energy

electron diffraction, and Kerr effect methods.
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1. INTRODUCTION

Bimetallic magnetic nanomaterials are under
extensive investigations now due to their possible
application in nanotechnology and nanomedicine.
The distinctive characteristic of such materials is their
superparamagnetic behaviour, which is important for
biomedical, diagnostic and therapeutic applications.
At present, the Au—Fe based nanomaterials attract
much attention due to higher saturation magnetisation
in comparison with the Au—Fe oxide core-shell struc-
tures, which synthesis has heavily been investigated
over the last decade. Hybrid nanocrystals based on
iron, gold or intermetallic Fe(1 — x)Au(x) could be
promising materials for such applications. Despite the
high cost of gold, its insolubility in iron in bulk mate-
rials makes it possible to form thin shells on the faces
of iron nanocrystals due to phase segregation at high
temperatures [ 1], which allows using the least amount
of the expensive metal. Gold provides opportunities
for improving the magnetic characteristics of hybrid
nanocrystals based on Au—Fe due to its strong spin-
orbital coupling and resistance to oxidation. Also,
according to [2—6], ordered phases of intermetallics,
which have different magnetic characteristics depend-
ing on the composition, can exist in nano-sized
Au—Fe systems. For instance, Fe;Au (LL12) nanoparti-
cles demonstrate the coercive force of 580 Oe at room

! The article is published in the original.

temperature, which as well determines possibilities to
tune the magnetic properties of hybrid Au—Fe nano-
crystals. Another advantage of using iron nanocrystals
with a shell of gold or intermetallic compound is the
combination of the ferromagnetic and plasmon prop-
erties of these two metals [7]. Localised surface plas-
mon resonance arising in such systems will enhance
the magneto-optical effects [§—10]. In the long term,
iron silicide nanocrystals, which are similar to the
chemical composition of Fe;Si, can be used instead of
pure bcc iron that might increase the magneto-optical
response to greater values due to a rise in the spin
polarisation [11]. In addition, an increase in the sili-
con content in ordered nanocrystals of Fe(3 — x)Si(x)
alloys allows one to increase the coercive force with
small losses in the saturation magnetisation [12, 13].

Despite a large number of available works about
hybrid nanocrystals based on gold and iron, closer exam-
ination hybrid Fe(1 — x)Au(x)/Fe systems have not been
carried out yet. Usually the study objects in such works
are nanocrystals Fe—Au (Fe(core)/Au(shell)) [1, 6, 14]
or nanoparticles consisting entirely of Fe(1 — x)Au(x)
[6, 7, 10], [15—18] intermetallices. Detailed reports in
the literature concerning the study of the formation
of the hybrid nanocrystal ordered ensembles con-
taining Fe, or iron silicide Fe;Si, along with the
Fe(1 — x)Au(x) intermetallic, to the best of our knowl-
edge, are absent. However, combining such materials
may lead to the formation of outstanding magnetic
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Fig. 1. XRD pattern for AuzFe(111)/Fe(110) hybrid nano-
crystals obtained with Au layer 11.3 nm thick, the average
nanocrystal size of 150—200 nm.

and magneto-optical properties for magnetic record-
ing and magneto-optical applications (recording ele-
ments and sensors). Furthermore, the systems, which
are the objects of research in this project, may poten-
tially show new effects, which are difficult to foresee at
the initial stage.

2. EXPERIMENTAL

Au—Fe/Fe hybrid nanocrystals were prepared on
an amorphous surface of SiO,/Si by molecular beam
epitaxy. First Au layer was deposited onto SiO,/Si at
room temperature. The nominal thickness of the Au
layer varied in the range from 0 to 11.3 nm. (0, 0.1, 0.5,
0.8, 1, 5.7, 11.3 nm). Further, the nominal thickness
value of the Au layer deposited is used for the sample
notation. Then, the substrate was heated up to 850°C,
and the Fe layer with the nominal thickness of 44 nm
was deposited. By controlling the quantity of Au atoms
deposited onto the SiO,/Si we managed to tune the
average lateral size of resultant Au—Fe/Fe hybrid
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nanocrystals from 10—20 nm up to 100—150 nm, and
volume fraction of Au—Fe ordered phase at the same
Fe nominal thickness deposited.

3. RESULTS AND DISCUSSION

Powder X-ray diffraction (PXRD) investigations
were performed on a PANalytical X’Pert Pro MPD
diffractometer with a PIXcel detector and a secondary
graphite monochromator on CoK, radiation. The
PXRD patterns were collected in the angular range
from 30° to 130° 26. As it can be noticed in Fig. 1
(XRD pattern for the 11.3 sample) the nanocrystal has
a strong texture on Fe(110) and Au;Fe(111) plane. The
lattice parameter of the iron part of nanocrystals cor-
responds well to the known value of 2.866 A, whereas
Au;Fe unit cell is slightly bigger than the value avail-
able in the literature, 4.02 A instead of 3.99 A [1]. This
indicates that nonstoichiometric Au;, Fe,_, inter-
metallic compound.

RHEED pattern (not shown here) for Au as-grown
layer indicates the formation non-textured polycrys-
talline thin films. RHEED, which is more sensitive
technique for small nanoobjects, demonstrates weak
reflection of Au;, Fe,_, phase, such as (112). This
reflection can corresponds to the small amount of
nanocrystals oriented along one azimuthal direction
as it is observed as diffraction spot (Fig. 3 right). Thus,
iron deposition step results in texturing of the nano-
crystal ensemble. This trend can be noticed on the
changes occurred on the RHEED pattern at decrease
of the Au layer thickness (not shown). For the 0.5
sample strongest texture can be noticed in several azi-
muthal directions. Moreover, one can see weak streaks
indicating formation of nanocrystals with large flat
area. Transformation of dotted spots in the 1 sample to
the tick dotted points out that the nanocrystals have
highly faceted sides.

Investigation of the sample series obtained with the
help of the SEM method reveal the key role of Au layer
deposited before Fe evaporation (Fig. 2). Small quan-
tity of Au droplets formed on SiO, surface results in

Fig. 2. SEM images AusFe(111)/Fe(110) hybrid nanocrystals grown on SiO,/Si(100) the nominal Fe layer thickness is 34 nm,
Au layer thickness (a) 2 nm, (b) 8 nm, (c) 12 nm (samples tilting is 32°).

SEMICONDUCTORS  Vol. 52 No. 16 2018



GROWTH OF TEXTURED Au—Fe/Fe HYBRID NANOCRYSTALS

0.004
0.003
0.002
0.001
O -
-0.001
—-0.002
-0.003
—-0.004

Kerr effect, a.u.
T T

2075

dM/dH

—-6000  —4000 2000

4000 6000

0 2000

H, Oe

Fig. 3. Hysteresis loops for the 11.3 sample with the magnetic field applied at two perpendicular directions (upper), field derivative

of the hysteresis loops (lower).

formation of the nanocrystal ensemble with a lateral
size distribution close to the Gauss dependence with
the peak center at 30 and 60 nm, for the 0 and 0.1 sam-
ples. Further increase in the Au layer thickness (0.5,
0.8, 1 nm), supposedly, results in size inhomogeneous
distribution of Au droplets, where one can expect for-
mation of large island due to Oswald ripening while
the substrate is heating up to the temperature synthe-
sis. In turn, such inequality causes the formation of
two distinguishable fraction of the hybrid nanocrystals
due to large gold droplets aggregates more iron atoms
incoming. Increase in the Au layer thickness up to 5.7
and 11.3 leads to a strong difference in lateral nano-
crystal sizes (Figs. 2b, 2¢). Now, small portion volume
nanocrystals have sizes in the narrow range from 10 to
20 nm, the rest is spread from 50 to 250 nm. Lateral
aspect ratio distribution of the nanocrystals demon-
strates their slight elongation. The distribution maxi-
mum is at 1.3. The nanocrystal long side direction
angle distribution does show strong texture, however,
certain increase can be noticed for different angle val-
ues over the sample series. Thus, the magnetisation
angle dependence at the magnetic field applied paral-
lel to the sample surface should not undergo strong
influence of the nanocrystal shape and texture.

Analysis of the TEM images (not shown here)
reveals that nanocrystals with small Au fraction have

SEMICONDUCTORS Vol.52 No.16 2018

similar size in all three dimensions and approach
sphere form whereas the large nanocrystals have large
height/width aspect ratio. It can reach values bigger
than 3 (not shown here). Estimation of spatial Au and
Fe distribution shows that Au, , Fe, _ . compound is
mostly situated on sides of the iron nanocrystals
forming a nanostructure architecture similar to
Janus-like one.

Looking through the magnetic field dependences
of the Kerr effect for hybrid Au—Fe nanocrystals we
can notice that the form of the hysteresis loop (Fig. 3)
is similar for almost all samples (0.5—11.3 nm). They
are constricted and have low M,/ M, ratio. In turn, the
0.1 sample shows the M,/M, ratio close to 1; the coer-
cive force is 840 Oe, which is one of the highest value
observed for Fe nanoparticle ensembles. Two large
magnetization jumps can be observed for the 0.5—
11.3 sample. This feature is more noticeable for the
sample with high fraction of large flat and textured
nanocrystals (0.8 and 0.9 nm). Upon decreasing the
applied field from saturation, the first jump takes the
magnetization almost from (positive) saturation to a
value around zero whereas the second one approaches
it to (negative) saturation [19]. A closer look at the
11.3 sample hysteresis loop and it field derivative
points out the possible formation of magnetic vortices.
The dependence of the vortex annihilation field on an
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Fig. 4. Wavelength dependence of the magnetoellipsomet-
rical parameter A = A(+H) — A(—H) Au;Fe(111)/Fe(110)
hybrid nanocrystals.

angle can be noticed in Fig. 3. Measurements of mag-
netoellepsometrical parameters indicating a difference
of phase shift of the reflected light at 65 degrees
between positive and negative saturation magnetic
field show the distinctive resonance feature at 650 nm
(Fig. 4). Its location on the wavelength scale can be
sensitive to the refractive index of the ambient, which
is used for magneto-optic censoring.

4. CONCLUSIONS

Hybrid ferromagnetic Au—Fe nanocrystal ensem-
bles were obtained. When the effective thickness of the
Au layer changes from 0 to 11.3 nm, the sizes of Au—Fe
nanocrystals obtained vary from 10 to 200 nm with the
same thickness of the deposited iron layer at 44 nm.
Microscopic data statistical analysis shows that a small
number of Au droplets formed on the surface of SiO,
leads to the formation of an ensemble of nanocrystals
with a size distribution close to the Gaussian depen-
dence. The increase in the thickness of the Au layer
leads to the formation of larger nanocrystals due to
Oswald ripening. Thus, for samples with effective gold
thickness of 0.8, 1.0 and 11.3 nm, two groups of
Au—Fe nanocrystals with average sizes of 10—20 and
150—200 nm are observed.

At small thicknesses of the pre-deposited Au layer
(0.1 nm), as a result of synthesis, one group of nano-
crystals with an average size of 30—60 nm is formed at
a nominal gold thickness of 0.5 and 5.7 nm.

Nanocrystals corresponding to a gold layer equal to
0.1 nm have the same size in all three dimensions,
while large nanocrystals obtained with larger thick-
nesses of gold layers (1.0—11.3 nm) have aspect ratio
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(width/height ratio) greater than 3. The aspect ratio of
lateral dimensions of the Au—Fe nanocrystals has an
average maximum near 1.3 for all samples obtained.
On a sample corresponding to the maximum gold
thickness, it was shown that the Au(3 — x)Fe(1 + x)
phase is located on the sides of the iron nanocrystals
forming a nanoscale Janus-like structure. The average
size of the Au(3 — x)Fe(1 + x) part of the hybrid nano-
crystal is 10—20 nm.

An investigation of the field dependences of the
magneto-optical Kerr effect showed that a sample
with a nominal gold thickness of 0.1 nm demonstrates
a M,/ M ratio close to 1; the coercive force is 640 Oe.
Samples with a high gold content are characterized by
the presence of a low value of M,/M, close to 0, as well
as the asymmetry of the hysteresis loops, which can be
caused by the preferred orientation of the nanocrystals
in space, and also by the preferred orientation of the
Au(3 + x)Fe(1 — x) with respect to the nanocrystal of
pure iron.

The measured spectral dependences of the magne-
toellipsometric Kerr effect demonstrate a resonance
feature in the photon energy region of the probed
emission of 3 eV.
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