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Growth process and magnetic properties of iron nanoparticles deposited on Si;N,/Si(111)-(8 x 8)
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We investigated the growth process and magnetic properties of iron deposited on SizN,/Si(111)-(8 x 8)
and clean Si(111)-(7 x 7) substrates by scanning tunneling microscopy, x-ray magnetic circular dichroism,
and the magneto-optical Kerr effect measurements. These experiments reveal that, on clean Si(111)-(7 x 7),
1.6-monolayer (ML) Fe forms iron silicide with a very small spin magnetic moment of m gy, = 0.17 g, whereas
1.6-ML Fe on Si3N,/Si(111) has a much larger spin magnetic moment of m g, = 2.62 ug, which is enhanced
compared with that of bec bulk Fe (2.2 ug). The SizNy surface is found to suppress the silicide formation
effectively. Because of weak interaction between Fe and Si3N4 and possibly the mismatch of the lattice constant,
Fe deposited on SizN4/Si(111) grows as nanoparticles that exhibit superparamagnetism. Above 7.5 ML, most of
the nanoparticles locate very closely to each other and become ferromagnetic.
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I. INTRODUCTION

The magnetic properties of ferromagnetic transition metals
on Si substrates have been widely investigated for use
in magnetic devices.!!® In the latest decade, the field of
spintronics has attracted much attention and the study of
low-dimensional materials such as thin films and nanoparticles
has become very important. However, clean Si surfaces interact
strongly with ferromagnetic transition atoms deposited at room
temperature, which leads to the formation of transition-metal
silicides. Berling et al.® reported the Fe magnetic moment that
depends on the chemical composition of iron silicides, and
showed that the Fe magnetic moment decreases from ~2.2 up
(Fe bulk) to O up (FeSi) with increasing the Si concentration.
On the other hand, Fe-rich silicides as Fe;Si are ferromagnetic
and are interesting because of high spin polarization with a half
metallic character at the Fermi level.'* Experimentally, the spin
polarization of Fe3Si is reported as 42%—45%.'>® In cases
of low coverage, iron deposited on Si(111)-(7 x 7) at room
temperature, however, FeSi and/or FeSi, are formed at the
initial stage of iron silicidation, which strongly depends upon
the experimental conditions.**!! In any case, the Fe magnetic
moment is almost lost by forming Si-rich iron silicides.

To avoid the chemical interaction of Si atoms with
ferromagnetic metals and to maintain the large magnetic
moments of the metal atoms, several methods have been
attempted, which are based on the insertion of insulators,’
semiconductors, '? and metals®!' =13 between the ferromagnetic
layers and the Si substrate. For instance, 3-monolayer (ML) Fe
films grown on Si(111) coated by CaF, with 10-nm thickness
show superparamagnetism.’ The substrate CaF,/Si(111) has,
however, not been characterized well from the viewpoint of
surface structure. A GaSe film with 2-nm thickness is also
reported as a insertion material that suppresses the diffusion
of deposited iron atoms into silicon layers, but unfortunately
an Fe-Ga alloy is formed at the interface between GaSe and
Fe layers.!? Deposition of 2.5-ML Au on Si(001) has also
been tried and is known to suppress the iron silicide formation
to some extent, but some iron silicide is still formed due to
diffusion of Fe into the Au layers.'? It is thus important to find

1098-0121/2012/85(17)/174415(8)

174415-1

PACS number(s): 75.20.—g, 68.35.bg, 78.20.Ls, 78.70.Dm

out a modified Si surface, the surface structure of which is well
characterized and effectively avoids the formation of silicides
to retain the magnetic moment of deposited ferromagnetic
metals.

SizNy is one of the best candidates to prevent intermixing
silicon with deposited iron because of its thermal stability.
An SizNy film prepared on Si(111) has been extensively
studied,'”! and it is known that B-SizN4(0001) grows
epitaxially on Si(111) by thermal nitridation with Ny (N7,
N+),2627.31 NO,%82° and NH;.!°2230 The lattice mismatch
between B-SizN4(0001) (ag-si,n, = 7.61 A) (Ref. 32) and
2 x 2Si(111) (2as; = 7.68 ﬁ) is only about 1%, which ensures
the epitaxial growth of B-SizN4/Si(111)-(8 x 8). The elec-
tronic structure of SizN4/Si(111) has also been investigated
by photoemission spectroscopy.?’?*?4 It is revealed that the
surface states of clean Si(111)-(7 x 7) appearing at the binding
energy of 0.2-2.0 eV (Refs. 33 and 34) are diminished after
the nitridation and instead new features show up at the binding
energies of ~4 eV (N 2p) and 5.5-12.5 eV (N 2p-Si 3p and
N 2p-Si 3s hybridized levels).?*?* The valence bands of the
Si3Ny film are found to locate at significantly deeper binding
energies than those of clean Si(111)-(7 x 7). The SizNy film
is thus expected to be stable enough to avoid the formation of
metal silicide after deposition of transition-metal atoms.

In this study, we have investigated the growth pro-
cess and magnetic properties of iron deposited on well-
defined SizN,4/Si(111)-(8 x 8) by using scanning tunneling
microscopy (STM), the magneto-optical Kerr effect (MOKE),
and x-ray magnetic circular dichroism (XMCD).

II. EXPERIMENTS

Si(111) substrates 12 mm x 4 mm in size were cut from a
commercial boron-doped Si(111) wafer (8.4-8.9 Qcm). After
ultrasonic cleaning in ethanol, the crystal was mounted on a
nonmagnetic sample holder. The sample was degassed in an
ultrahigh vacuum (UHV) chamber by direct heating at ~800 K
for 5-12 h. A reconstructed Si(111)-(7 x 7) surface was
obtained by repeated flashing at 1200 K. An SizN4/Si(111)-
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(8 x 8) surface was prepared by following a procedure similar
to that reported in the literature.'>?° Thermal nitridation was
conducted at 1130 K with ammonia gas [1 x 10~ Torr, total
exposure of 45 L (1 L = 1 x 107% Torrs)]. The substrates
were subsequently cooled down slowly to room temperature.
The sample cleanliness and order were verified by low-energy
electron diffraction (LEED), Auger electron spectroscopy, and
STM measurements. Fe was deposited on Si(111)-(7 x 7)
and Si3N4/Si(111)-(8 x 8) substrates at room temperature by
using a commercial electron bombardment evaporator. The Fe
thicknesses were 1-30 ML [ ML = 1.217 x 10'° atoms/cmz,
which corresponds to the atomic density of bcc Fe(001) plane]
and the deposition rate estimated by a quartz crystal oscillator
was 0.5-0.9 ML /min.

The in situ STM and MOKE measurements were performed
in a UHV system consisting of load lock, sample preparation,
STM, and MOKE chambers. Each base pressure was 1 x 1077,
8 x 1071, 5 x 10", and 3 x 10~'° Torr, respectively. The
MOKE chamber was equipped with an electromagnet, and
the MOKE measurements were carried out for the polar and
longitudinal geometries. A 635-nm commercial laser diode
was used as a light source, and the light incident angle was
set at 45° in both the polar and longitudinal geometries. The
STM and MOKE measurements were performed at 298 K,
and some MOKE data were also recorded at low temperature
using liquid nitrogen.

The in situ XMCD measurements were carried out using
the bending magnet Beamline 4B of UVSOR-II in the Institute
for Molecular Science (IMS). The details of the XMCD
measurement system have been reported in the literature.>>-3
The XMCD measurements were performed at 5 K in a UHV
chamber with a 7-T superconducting magnet. The circular
polarization factor was estimated to be P, = 0.60 from the
storage ring parameters, which was verified by the XMCD
measurements of a standard sample. The magnetic field of
45 T was applied to the sample in parallel and antiparallel
geometries with respect to the x-ray beam. The x-ray incidence
angles with respect to the surface normal were 0° (normal x-ray
incidence) and 55° (grazing incidence), and the XMCD spectra
were obtained in the total electron yield (TEY) mode.

III. RESULTS AND DISCUSSION

A. Morphology of Fe on SizN,/Si(111)

STM images of Fe (0—15 ML) deposited on SizN4/Si(111)
are shown in Fig. 1. Figure 1(a) shows the STM image of
the Si3N4/Si(111)-(8 x 8) substrate surface, and a magnified
image with the lattice marked by dashed lines is inserted in the
upper-right corner. The STM image of the 1-ML Fe-deposited
sample [Fig. 1(b)] shows the formation of Fe nanoparticles.
A histogram of the nanoparticle diameters is shown in
Fig. 2. For 1.0-ML Fe, the average nanoparticle diameter is
3.3+ 0.5 nm and more than 90% of the nanoparticles are
included in the diameter range of 3.5 £ 1.0 nm, implying
that they are uniform in size, although these nanoparticles
are not aligned to a certain direction. This result is similar
to the previous report by Flammini et al.?® that the growth
of Au on SizNy/Si(111) follows the Volmer-Weber mode.
Although the chemical composition of the nanoparticles can
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FIG. 1. (Color online) 55 x 55 nm?> STM images of (a)
Si3N4/Si(111)-(8 x 8) substrate and iron-deposited films with Fe
coverages of (b) 1.0 ML, (c) 4.0 ML, (d) 7.5 ML, (e) 10 ML, and (f)
15 ML. The deposition temperature was 298 K. These images were
taken at the sample biases of +2.6 V [(a)-(e)] and + 0.5 V [()], and
the tunneling currents of ~115 pA [(a)-(d)] and ~160 pA [(e) and
(®)]. In panel (a), a magnified image is inserted, in which the white
dashed line shows the (8 x 8) superlattice. The blue dashed lines in
panels (c)—(f) represent the line of section views in Fig. 2(b).

not be determined by the STM measurements, the present
nanoparticles are found to consist essentially of pure Fe
from the x-ray absorption spectroscopy (XAS) measurement
described in the next section, which demonstrates that the
deposited Fe atoms have no chemical bonds with Si or N
atoms.

For 4.0- and 7.5-ML Fe [Figs. 1(c) and 1(d)], the
nanoparticles form similarly to the case of 1.0-ML Fe. With
increasing Fe coverage, the particle size in the lateral direction
increases gradually. The mean particle size for 4.0- and
7.5-ML Fe are 5.0 0.9 and 6.9 £ 1.2 nm, respectively. For
7.5-ML Fe, neighboring nanoparticles are located very close
to each other, and some particles are apparently connected.
For 10-ML Fe, half of nanoparticles are coalesced to the
neighboring nanoparticles. Considering the mean particle size
of 6.9 & 1.2 nm for 7.5-ML Fe, the nanoparticles grow up to
~7 nm in a lateral diameter, which corresponds to the mean
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FIG. 2. (Color online) (a) Histograms of the diameters of iron
nanoparticles. The Fe coverages are 1.0, 4.0, 7.5, and 10 ML. The solid
line is the Gaussian fit. The average diameters of the Fe nanoparticles
are 3.3, 5.0, 6.9, and 7.5 nm, respectively. (b) Section views of STM
images in Figs. 1(c)-1(f).

distance between the centers of the nearest nanoparticles. For
greater than 15 ML, most nanoparticles are connected to each
other and tend to form inhomogeneous structures. Thus, it is
obvious that the lateral size of the nanoparticles increases with
the Fe coverage.

In order to discuss the vertical size of the nanoparticles as a
function of Fe coverage, section views of the STM images for
4.0-15 ML [Figs. 1(c)-1(f)] are shown in Fig. 2(b). It is noted
that the relative height of nanoparticles in the section views
does not correspond to the amount of the Fe coverage because
the narrow gap width between the nanoparticles can not be
measured precisely due to large curvature of the STM tip. It is
thus difficult to discuss the absolute height of the nanoparticles
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from the substrate surface level from the present STM results. It
is, however, found that the relative height of the nanoparticles
increases gradually with the Fe coverage. In addition, root
mean squares (RMS) of the nanoparticles along the vertical
direction estimated from the present STM images are 0.301 nm
for 4.0 ML, 0.380 nm for 7.5 ML, 0.384 nm for 10 ML, and
0.694 nm for 15 ML, respectively. It is reasonable that the
vertical height of the nanoparticle increases monotonically
with the Fe coverage. It is concluded that the iron deposited
on the Si3Ny surface forms metallic nanoparticles and follows
the Volmer-Weber growth mode as in the case of Fe deposited
on Au/SizNy (Ref. 23).

We also performed LEED measurements to investigate the
differences of the growth process of the nanoparticle between
on the clean Si(111) surface and on the SizN4 surface. The
LEED images taken in various thicknesses are shown in Fig. 3.
The 7 x 7 LEED pattern is visible for the clean Si surface
[Fig. 3(a)]. When 1.0-ML Fe is deposited on the clean surface
[Fig. 3(b)], the 1/7 order spots disappear while the 1 x 1
fundamental spots remain. This indicates that the deposited Fe
atoms react with the reconstructed Si atoms and the 7 x 7 order
structure are destroyed. In addition, broad 1 x 1 spots emerge
almost at the same position as the sharp 1 x 1 spots originating
from the Si substrate. The new broad spots should originate
from iron silicides because the CsCl-type FeSi (Refs. 37
and 38) and FeSi, (Refs. 39—41) are known to grow epitaxially
on Si(111). For 2.0-ML Fe deposited on the clean surface
[Fig. 3(c)], the sharp 1 x 1 spots disappear and the only broad
1 x 1 spots are visible. This means that the iron silicides
cover almost the entire surface of the Si(111) substrate. The
broad spots subsequently become more intense with trigonal
symmetry for 26-ML Fe [Fig. 3(e)], which indicates the growth
of an epitaxial film. It is already reported that epitaxial bcc
Fe(111) is grown on Si(111) at room temperature at the Fe
coverage more than 3.2 (Ref. 42) or 4.5 ML (Ref. 1). It is
thus expected that bcc Fe(111) is epitaxially grown on the
clean Si surface at 26-ML Fe owing to buffer layers of the iron
silicides.

On the contrary, it is obvious that the fractional spots of
the 8 x 8 pattern remain when 1.0-ML Fe is deposited on the
Si3Ny surface [Fig. 3(g)]. The fractional spots are still visible
for 4.0-ML Fe [Fig. 3(h)]. Both the fundamental and fractional
spots vanish completely for 7.5-ML Fe [Fig. 3(i)]. This finding
means that the Fe atoms deposited on the SizNy surface form
three-dimensional islands without chemical interaction with
the Si or N atoms, and the entire Si3N4 surface is almost
covered by the Fe islands at 7.5-ML Fe. For 26-ML Fe
[Fig. 3(j)], there are no apparent spots such as the trigonal
broad spots in Fig. 3(e). It is found that Fe deposited on the
Si3Ny surface does not grow epitaxially in contrast to the case
of the clean surface.

In summary, the structures and growth processes of Fe
deposited on the clean and SizNy surfaces are as follows. For
Fe/Si(111), the iron silicide clusters are formed at the initial
stage,'** and subsequently the epitaxial Fe films grow on the
iron silicide in thick coverage. Namely, the iron silicide plays a
role of buffer layers to form resultantly metallic Fe layers. The
growth mode of Fe deposited on the Si3Ny is different from that
on the clean surface. For Fe/Si3N4/Si(111), the SizNy surface
is sufficiently inactive so that pure Fe nanoparticles can be
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(d) 7.5ML (e) 26ML
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FIG. 3. (Color online) LEED paterns for Fe deposited on the clean surface [(a)—(e)] and the SizN4 surface [(f)—(j)] obtained at room
temperature as a function of Fe coverage. The all patterns were measured at 36 eV. Architectural spots as shown in panel (e) by an arrow is
observed at the same position in all the images. The spots are caused by the light of filament.

grown without iron silicide formation, and the Fe nanoparticles
grow as islands with increasing the Fe coverage. The connected
nanoparticles do not grow epitaxially after the nanoparticles
are covered with the surface at the Fe coverage of 7.5 ML.

B. Magnetic properties

Figure 4(a) shows the circularly polarized Fe Ly -edge
XAS of iron (1.6 ML) on Si(111)-(7 x 7) and SizN4/Si(111)-
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FIG. 4. (Color online) (a) Fe Ly y-edge circularly polarized x-ray
absorption spectra of 1.6-ML Fe on Si(111)-(7 x 7) (top) and on
SizN,/Si(111)-(8 x 8) (bottom) at uoH = £5 T, T = 5 K, and the
x-ray incidence angle 6;, of 55°. (b) Magnetization curves of 1.6-ML
Fe on Si(111)-(7 x 7) (black) and SizN4/Si(111)-(8 x 8) (red) at
T =5 K, obtained by recording the TEY with the photon energy
fixed at the Ly peak top of ~707 eV.

(8 x 8) recorded at a temperature of 5 K, an external magnetic
field of &5 T, and a x-ray incident angle of 55° (grazing
incidence). The spectra were normalized by the edge jumps.
The spectra of Fe/Si3N4/Si(111) are quite different from those
of Fe/Si(111). The previous studies on iron silicide'®* and
iron nitride* have shown that additional peaks are observed
at a higher photon energy side of the main peaks. The spectral
feature can be used as a fingerprint to confirm whether Fe atoms
are bonded to Si and/or N atoms. In the present measurement,
a shoulder structure is seen on the high-energy side of the main
peak at the Fe Ly edge for Fe/Si(111), as in the case of iron
silicide. On the contrary, no shoulder structure appears in those
of Fe/Si3N,4/Si(111), indicating that the Fe atom on the Si;Ny
surface does not interact strongly with the Si or N atoms.

The magnetization (M-H) curves were also recorded
using the Fe Ly-edge peak intensity for each substrate [see
Fig. 4(b)], and found that the Fe atoms are not at all magnetized
on the clean Si(111) surface. This implies that iron silicides
form on clean Si(111). Conversely, the Fe atoms are clearly
magnetized on the Si3Ny surface, which indicates effective
suppression of iron-silicide formation. These results are in
good agreement with the results concerning Au deposition
on Si3Ny4/Si(111).2% The study on Au/Si3N,/Si(111) showed
that the Au atoms do not have chemical bonds with Si
at room temperature. Aballe et al.*® further found out that
at a temperature higher than 450 °C, the Au atoms on
Si3N4/Si(111) begin to penetrate the Si3Ny4 layers and to form
Au-Si bonds.

The reason why the iron-silicide formation is suppressed
at the Fe-SizNy interface can be interpreted as follows. The
binding energies of the surface states of Si(111)-(7 x 7)
originating from the adatoms and rest atoms are known to
be less than ~1 eV (Ref. 33) or around 0.2, 0.8, and 1.8 eV
(Ref. 34) below the Fermi level. The bulk state appears at a
deeper binding energy around 2 eV.*” On the other hand, in
the case of Si3N4/Si(111)-(8 x 8), no peaks were observed at
less than 4 eV in the binding energy,”»>* and the valence
electrons belonging to N 2p and hybridized N 2p-Si 3p
and N 2p-Si 3s states are located at 4.0, 7.1, and 11.0 eV,
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FIG. 5. (Color online) Fe Lyy-edge XMCD of Fe on clean
Si(111)-(7 x 7)and SizN4/Si(111)-(8 x 8)at ugH =x5T,T = 5K,
and 6;, = 0° and 55° in the TEY mode.

respectively.”? Dufour et al.*3 also detected the same three
peaks in the energy range of 4—12 eV. Moreover, it has been
confirmed that on clean Si(111), the STS (scanning tunneling
spectroscopy) peaks assigned to the occupied levels of the
Si adatom and the back bond appear at 0.4 and 1.8 eV,
respectively, while on SizN4/Si(111)-(8 x 8) the STS peak of
the N adatom is observed at ~4.2 eV.!? Itis thus recognized that
iron-silicide formation is effectively suppressed on the SizNy
surface because the energy levels of the valence electrons such
as N 2p,N2p-Si3p, and N 2 p-Si 3s are too deep to exchange
the chemical bonds from Si-N to Si-Fe or N-Fe.

Figure 5 shows the Fe L-edge XMCD spectra of Fe on
Si(111)-(7 x 7) (1.6, 3.6, and 9.1 ML) and SizN4/Si(111)-
(8 x 8) (1.6, 3.9, and 10.1 ML), taken at incident x-ray angles
of 0° and 55°, a magnetic field of £5 T, and a temperature of
5 K. On clean Si(111), almost no XMCD signals can be seen
in 1.6-ML Fe and are gradually enhanced with the increase in
Fe thickness, although the XMCD signals are still weaker than
those of Fe/Si3N4/Si(111). On the contrary, strong XMCD
signals are found for SizN4/Si(111)-(8 x 8), which are the
largest at the lowest Fe coverage (1.6 ML) and are slightly
reduced with the Fe coverage.

We have evaluated quantitatively the spin and orbital
magnetic moments of the Fe atom in a similar manner to
the previous studies.’>*® We have employed the XMCD
sum rules for the orbital (m.y) and effective spin (mggm)
magnetic moments.*®*’ The angle-dependent XMCD analysis
at saturation magnetization was subsequently performed to
eliminate the contribution of the spin dipole moment () and
obtain the pure spin magnetic moment (mspin).so The d-hole
number n,; was also obtained by scaling the white-line intensity
with the assumption that n,; for 10.1-ML Fe on Si3N,/Si(111)-
(8 x 8) is the same as that of the bulk (n; = 3.40). The spin
dipole moments were found to be negligibly small for all the
samples analyzed. The results of the analysis are tabulated in
Table I. For Fe on clean Si(111), the spin magnetic moment
increases monotonically and the d-hole number decreases with
increasing the Fe coverage. It is concluded that the Fe atoms
near the surface do not form silicides in thicker coverages
and are present as metallic iron. A larger d-hole number in
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TABLE I. Results of the Fe Ly j;-edge XMCD analysis for Fe on
Si(111)-(7 x 7) and SizN,4/Si(111)-(8 x 8). For the orbital magnetic
moment iy, surface parallel (J|) and normal (L) components are

given separately. The d-hole number 7, is also tabulated.

Si(111)<(7 x 7)

Si3N4/Si(111)-(8 x 8)

Substrate

coverage (ML) 1.6 3.7 9.1 1.6 3.9 10.1
Mpin(4B) 017 074 159 262 252 228
mhay () 015 005 008 015 017 0.2
Mo (its) 0.00 005 0.11 0.18  0.20 0.16
ng 4.12 3.60 3.40 3.40 3.40 3.40

Fe/Si(111) is also indicative of the silicide formation because
of a larger electronegativity of Si than Fe. In contrast to Fe on
clean Si(111), the spin magnetic moment of Fe on the SizNy
surface is 2.62 pp for 1.6 ML and decreases gradually toward
the bulk value of 2.2 up with increasing the Fe coverage. The
Fe atoms on the SizNy surface do not react with Si and the
spin magnetic moment is enhanced due to the size effect. In
the 1.6-ML Fe coverage, the spin magnetic moment is about
18% larger than the bulk value. Similarly, the orbital magnetic
moments are drastically enhanced compared to the bulk Fe
value of 0.085 up.’' We will here emphasize the enhancement
of the Fe spin and orbital magnetic moments by suppressing
the iron silicide formation.

We also investigated the dependence of the magnetic
properties of the iron nanoparticles on the Fe coverage in
greater detail by MOKE measurements at 298 K. Although
both the polar and longitudinal configurations were attempted,
no hysteresis loop was obtained for the polar configuration,
implying that the present Fe films have in-plane magnetic
easy axes. Typical magnetization curves of Fe/Si(111) and
Fe/Si3N4/Si(111) are plotted in Figs. 6(a) and 6(b), and
the Kerr rotations at saturated magnetization are shown in
Fig. 6(c) as a function of the Fe coverage. The numerical
values of the Kerr rotation angles were obtained by taking
the average of two magnetization curves for each sample. The
Kerr rotation angles at saturated magnetization were estimated
by extrapolating the magnetization curve in the high magnetic
field regions toward the zero magnetic field. In both Fe/Si(111)
and Fe/Si3N4/Si(111) of Fig. 6(c), the thickness dependence
curves show abrupt increase above the critical thicknesses at
~5 and ~9 ML, respectively. Below the critical thickness,
the system is paramagnetic at room temperature, while it is
ferromagnetic above the critical thickness. For the Fe coverage
greater than 15 ML, the Kerr rotation of Fe/SizN4/Si(111) is
clearly larger than that of Fe/Si(111). This is because a part
of the Fe magnetic moment on the clean Si(111) surface is
lost due to the formation of iron silicide. The thickness of the
dead layer is estimated as ~2 ML from the present XMCD
results and the previous photoelectron spectroscopic results in
the Fe/Si(111) system as reported in Ref. 11.

It is, however, interesting that the critical thickness of ferro-
magnetism is smaller in Fe/Si(111) than in Fe/Si3N4/Si(111).
InFe/Si(111), although the magnetically dead layer consisting
of iron silicide with ~2 ML thickness is formed at the
initial stage, the Fe layers grow on the iron silicide surface
rather than the Fe nanoparticle islands. This causes a smaller
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FIG. 6. (Color online) Magnetization curves of (a) Fe/Si(111)
and (b) Fe/Si3N4/Si(111) at 298 K recorded by the longitudinal
MOKE measurements, and (c) the longitudinal Kerr rotation angle
as a function of Fe coverage for Fe/Si(111) (black squares) and
Fe/Si3N,/Si(111) (red circles).

critical thickness of the ferromagnetism in Fe/Si(111) than
in Fe/Si3N4/Si(111). To understand the behavior in more
detail, we measured the temperature dependence of the Kerr
effect of 7.7-ML Fe on SizN4/Si(111) down to 125 K. We
found no hysteresis loop in the magnetization curve at 298 K
but a small remanence at 125 K, as shown in Fig. 7(a). The
magnetic susceptibility and its inverse at ;1o H = 0 are plotted
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FIG. 7. (Color online) (a) Magnetization curves of Fe(7.7 ML)/
SizNy/Si(111) at 298 and 125 K, recorded in the longitudinal
MOKE measurements. (b) Temperature dependence of the magnetic
susceptibility (black circles) and the Weiss plot (red squares).
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in Fig. 7(b). The Weiss temperature is estimated to be ~125 K.
It is concluded that the transition from a paramagnetic to
ferromagnetic phase occurs at around 125 K.

In order to understand the origin of the magnetic phase
transition, let us first consider whether each Fe nanoparticle is
magnetized at room temperature (superparamagnetic) or not.
From the present STM observation in Figs. 1(d) and 2(a),
the average diameter of the Fe nanoparticle in 7.7-ML Fe
is 7 nm. Assuming the nominal thickness of 7.7 ML from
the quartz thickness monitor, the number of Fe atoms N in
a nanoparticle is estimated to be ~3.6 x 10°, independent
of the shape of the nanoparticle. The Curie temperatures of
the Fe nanoparticles have been reported by several previous
works. Billas et al.’*> obtained the magnetic moments of Fe
clusters with 50-600 Fe atoms that are around 3.0-1.8 ug
at 300 K. Evans et al.> theoretically showed that the Curie
temperature for the 432-atom Fe particle is only slightly lower
than the bulk value (sufficiently higher than 298 K). Since the
present nanoparticle is much larger than those of the previous
works, it is recognized that the present Fe nanoparticles on
Si3Ny/Si(111) is superparamagnetic at 298 K.

Next, we will discuss the origin of the remanence in the Fe
nanoparticles at low temperature. There should be two possi-
bilities for the remanence at low temperature: magnetic dipole-
dipole interaction between the nanoparticles or high blocking
temperature of the nanoparticle. The magnetic dipole-dipole
interaction Egyq is expressed based on the classical theory as

2

Mo K
Edd’”4—77 (1)

T Top

where 0 is the magnetic moment of the nanoparticle and rp,
is the distance between the centers of the nanoparticles. The
ordering temperature Ty of the system is given by

Mo 1

T, .
Wy ker3,

@)
In the present 7.7-ML Fe case, with the assumptions of
rop = 7.0 nm and p = Nmg ~ 8.3 x 10° up, the ordering
temperature Tyq is estimated to be ~125 K, which matches
well the Weiss temperature given by the MOKE.

On the other hand, the superparamagnetic blocking temper-
ature Ty, of the Fe nanoparticle can be estimated as

T~ KV 3)
" ke In(r/7)°

where 1y, is the relaxation time (~100 s), 7y the attempt time
(~10~'!'s), V the volume of the nanoparticle, K the magnetic
anisotropy constant, and kg the Boltzmann constant. Several
previous experimental reports show the blocking temperatures
of 1-54 K for Fe nanoparticles and clusters.*~® For the present
nanoparticles, assuming K = 4.5 x 10* J/m? (the bulk Fe
value), the blocking temperature T, is estimated to be only
~5 K, which is much lower than the present observation
of ~125 K. It is thus concluded that the magnetic dipole-
dipole interaction plays a dominant role on the ferromagnetic

behavior of the Fe nanoparticles at low temperature.
In the case of very low Fe coverage as 1-ML Fe, the effect
of the magnetic dipole-dipole interaction is neglected because
the distance between the nanoparticles rp, is obviously too
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large. With the assumptions of the average particle diameter
of 3.3 nm, a height of 0.4 nm (the number of atoms in a
nanoparticle N of ~190), the particle distance r,, of 4.2 nm,
and the magnetic moment of 2.6 g from the STM and XMCD
results, the magnetic dipole-dipole interaction for 1-ML Fe is
given as only ~2 K. In this situation, the blocking temperature
T, is estimated also to be ~0.4 K by using the bulk magnetic
anisotropy constant, although the magnetic anisotropy should
be larger than the bulk value. The Fe nanoparticles in small
coverages such as 1 ML are thus superparamagnetic and show
no remanence, which is consistent with the XMCD results in
Fig. 4(b).

IV. CONCLUSIONS

We investigated the morphology and magnetic properties of
Fe nanoparticles grown on a SizNy/Si(111)-(8 x 8) substrate
by STM, MOKE, and XMCD measurements. The deposited
Fe does not form iron silicide, which is an essentially different
behavior from Fe on clean Si(111). The SizN4 film works
excellently as a well-ordered inert substrate to avoid the

PHYSICAL REVIEW B 85, 174415 (2012)

formation of nonmagnetic silicides. Because of weak interac-
tions between the transition metals and the Si; N4 substrate and
also possibly of mismatch of the lattice constant, the deposited
Fe grows as nanoparticles. The 1.6-ML Fe exhibits a spin
magnetic moment of 2.62 g, which is significantly enhanced
compared with that of bulk bcc Fe due to the size effect.
The Fe nanoparticles show superparamagnetism and, above
~7.5 ML, the nanoparticles locate closely to each other and
become ferromagnetic at low temperature due to the magnetic
dipole-dipole interaction between the nanoparticles.
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