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Interlayer exchange coupling in ordered Fe nanocluster arrays grown on Al2O3/Ni3Al(111)
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We have combined magneto-optical Kerr effect, scanning tunneling microscopy, and x-ray magnetic circular
dichroism to study the magnetic properties and the morphology of Fe nanoparticles grown on 2 ML thick
Al2O3/Ni3Al(111)-(

√
67 × √

67)R12.2◦ with and without Pd seeding. The Ni3Al(111) substrate is ferromagnetic
and shows two transition temperatures. The first, TC1 = 81 ± 3 K, is attributed to a 20–30 nm thick slightly
Ni enriched region; the second, TC2 = 240 ± 12 K, is attributed to a much thinner and more strongly Ni
enriched near interface region that contains Ni clusters embedded in the alloy matrix. The magnetic properties
of the Fe cluster superlattice are strongly influenced by the superexchange coupling between Fe clusters and
the underlying Ni clusters in that near interface region. Since the Ni clusters are at different distances from
the oxide/metal interface, this coupling oscillates between ferro- and antiferromagnetic such that the overall
magnetic moment is not increased by the Fe clusters. Pd seeding does not influence the magnetic properties
of the system. The intrinsic Fe cluster properties, such as Curie temperature and easy magnetization axis, are
accessed for T > TC2 . We find out-of-plane easy magnetization axes and TC ≈ 300 K for cluster sizes above
440 atoms.
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I. INTRODUCTION

The bottom-up fabrication of ordered two-dimensional
(2D) arrays of nanoparticles with narrow size distribu-
tions [1,2] enables the study of their catalytic and magnetic
properties as a function of size and composition with spatially
integrating techniques. Very small transition metal nanopar-
ticles can exhibit a strong enhancement of these properties
with respect to their bulk counterparts, due to the large
number of low-coordinated atoms [3–6]. For heterogeneous
catalysis and future magnetic storage applications it is crucial
to identify the minimum cluster size as morphologically stable
and having the desired catalytic or magnetic properties. Among
the possible approaches to the fabrication of well-ordered 2D
arrays, referred to as 2D superlattices, kinetically controlled
growth on template surfaces, created either by strain relief
patterns or surface reconstructions, emerged as the most
promising [2,7–13].

The self-limiting two monolayer thick alumina film grown
by high temperature oxidation of Ni3Al(111) has excellent
template properties. Its (

√
67 × √

67)R12.2◦ unit cell has
corner holes going down to the metal substrate [14]. They
form a hexagonal lattice with a 4.1 nm lattice constant. They
can be filled by Pd atoms deposited at 300 K creating very well
ordered Pd cluster superlattices [15]. Amongst the transition
metal elements investigated so far, Pd is the only one diffusing
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into the corner holes [14,16]. Therefore it has been used as
seed to nucleate other transition metal elements leading to well
ordered arrays of quasibimetallic nanoparticles of AuPd [17],
FePd and CoPd [14,18], and NiPd [19].

It has been suggested that such nanostructures on
alumina/Ni3Al(111), when made of ferromagnetic materials,
can be of special interest as a model system for potential
magnetic applications [18] since the uniform size of the
nanoparticles could result in well-defined and homogeneous
magnetic properties [20,21]. Nevertheless it has to be noticed
that the substrate magnetism can also play a role, influencing
the magnetic behavior of the nanoparticles. In fact, Ni3Al(111)
is a weak itinerant ferromagnet whose magnetic properties
strongly depend on its exact chemical composition [22–24].
Moreover the high temperature oxidation of the surface,
through which the ultrathin Al2O3 layer is formed, involves
an increase of the Ni concentration below the surface due
to the Al incorporation into the oxide [25]. Thus, magnetic
nanoparticles on alumina/Ni3Al(111) can even be seen as a
model system for spin valves where one of the electrodes has
nanometric dimensions.

Despite many recent efforts to reveal the structure of the
surface layers of Al2O3/ Ni3Al(111) [14,19,26], an accurate
characterization of the composition of those layers interfacing
the oxide from below, and of the resulting magnetic properties,
is still lacking. Here we report a detailed investigation of
the magnetic properties of the pristine substrate before and
after the growth of alumina and finally after the growth of
Fe nanoparticles on top. We find that the magnetism of this
system is strongly influenced by an inhomogeneous stoi-
chiometry of the alloy substrate across the layers interfacing
the oxide leading to an exchangelike coupling between Fe
nanoparticles and substrate. The magnetic properties of the
Fe clusters do not depend on whether they are seeded on Pd
or not.
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II. EXPERIMENTAL DETAILS

The Ni3Al single crystal was cleaned by Ar+-ion bombard-
ment (T = 600 K, E = 2 keV, I = 0.4 μA for our 7 mm
diameter sample, t = 40 min) followed by two annealing
cycles at 1150 and 1050 K, each for 10 minutes. The self-
limiting 2 ML thick alumina was prepared by oxygen exposure
(pO2 = 5 × 10−8 mbar) of the clean Ni3Al(111) surface at
1050 K for one hour. After stopping the O2 dosage, the
crystal was kept for one more hour at this temperature. Fe
and Pd were deposited at 300 K by atomic beam epitaxy,
Fe from a high-purity (99.995%) rod using a commercial
e-beam evaporator, and Pd from a high-purity Pd filament by
resistive heating. The deposition flux, determined by scanning
tunneling microscopy (STM) on the clean Ni3Al(111) surface
where the growth is layer by layer, was 0.3 and 0.19 ML/min
for Fe and Pd, respectively. One monolayer (ML) is defined as
one Fe(Pd) atom per Ni3Al(111) substrate atom, i.e., as four
atoms per p(2 × 2) unit cell of the Ni3Al(111) surface [27,28].

The morphology of Fe clusters on Al2O3/Ni3Al(111)
was investigated by STM and their magnetic properties
by magneto-optical Kerr effect (MOKE), x-ray absorption
spectroscopy (XAS), and x-ray magnetic circular dichroism
(XMCD). STM and MOKE were carried out in an ultrahigh
vacuum (UHV) chamber at École Polytechnique Fédérale de
Lausanne (EPFL) [29,30]. XAS and XMCD measurements
were performed at our EPFL-PSI beamline X-Treme at Swiss
Light Source (SLS) [31].

The light source used for MOKE measurements is a diode
laser of wavelength equal to 785 nm. MOKE zero-field
susceptibility (χ ) measurements were performed in polar
geometry with a sinusoidal magnetic field of 4 mT amplitude
and 11 Hz frequency. Magnetization curves M(H ) were
acquired in transverse and polar geometry with sweep rates
of 0.7 mT/s and 160 mT/s, respectively. In order to compare
Kerr signals from the bare and two ML oxide covered Ni3Al
substrate and from samples with the Fe clusters on top, we
normalized the Kerr intensities considering that the polar Kerr
signal, for small rotation angles, can be written as [32,33]:

�I

I (0)
≈ 2θφ

φ2 + γ
, (1)

where I (0) is the zero-field intensity of the reflected light
measured after the analyzer, �I = I (H ) − I (0) the variation
of Kerr signal produced by the external field, θ the Kerr rotation
angle, φ labels the angle of the analyzer axis with respect to
maximum extinction, and γ the depolarization fraction taking
into account the polarizer efficiency and the range of angles
of incidence in the focused beam on the sample. In our setup
φ is set to 0.5◦ to optimize the Kerr efficiency [33], and the
typical value for γ is 2 × 10−5. Equation (1) holds also for
polar magnetization curves where the Kerr rotation angle can
be derived. In addition to the sample composition, the Kerr
intensity also depends on the optical surface quality [34] and
it varies between sample preparation cycles since this requires
the realignment of the MOKE setup to optimize its signal. The
observed variations in the χ intensities and M(H ) curves were
2% over a given sample and 15% between preparation cycles.
These are systematic variations that can’t be eliminated by the
above normalization procedure.

The STM measurements were performed at 300 K in
constant current mode using a home-built variable-temperature
STM equipped with an electrochemically etched W tip. The
XAS and XMCD measurements were performed in the total
electron yield (TEY) mode and with the x-ray beam and the
magnetic field aligned parallel and forming an angle θ with the
surface normal. The out-of-plane and close to in-plane XMCD
signals were recorded at θ = 0◦ and θ = 70◦, respectively. The
XMCD spectra were recorded at a field of 1 T saturating the
samples for both field orientations. Ni magnetization curves
were acquired using the peak of the L3 XMCD intensity at
849 eV divided by the pre-edge intensity at 845 eV.

III. RESULTS AND DISCUSSION

Since the substrate is magnetic, and MOKE not element
specific, it measures the superposition of substrate and Fe
cluster magnetism. We therefore first characterize the substrate
magnetism before turning to the magnetic properties of the Fe
cluster superlattice.

A. Substrate magnetism and Ni surface enrichment

The 2 ML thick alumina layer on Ni3Al(111) forms a
(
√

67 × √
67)R12.2◦ unit cell with respect to the p(2 × 2)

unit cell of the Ni3Al(111) surface with its 505 pm long unit
vectors [27,28]. The stacking and stoichiometry of the two
Al2O3 layers, and the existence of corner holes in the top layer,
have been revealed from a combination of STM and density
functional theory (DFT) [14]. Depending on tunnel voltage Vt,
this surface appears to the STM either as a honeycomb network
or as a hexagonal lattice of protrusions [18,27]. An STM image
of our sample taken in the first imaging mode is shown in
Fig. 1(a) and reveals the long-range ordered superstructure.

Figure 1(b) compares the temperature-dependent out-of-
plane zero-field susceptibilities of the clean alloy surface
(red) with the alumina covered one (black). Both signals
are very similar and present two plateaus with transition
temperatures TC1 = 79 ± 1 K and TC2 = 236 ± 3 K. The
XMCD Ni magnetization curves of Fig. 1(c) reveal an in-plane
easy axis for Al2O3/Ni3Al(111) at 160 K. Therefore χ (T )
in Fig. 1(b) probes the hard-axis component of M generated
by the torque of the small oscillating out-of-plane field. This
signal depends on the ratio of M and the magnetic anisotropy
energy K , and is thus to first order independent of T leading to
the observed plateau. The plateau ends at the Curie temperature
TC where the magnitude of M strongly decreases. The fact
that we see two plateaus signifies that we have two coexisting
magnetic systems, each with its phase transition.

The coexistence of two such systems has been suggested
for the surface of a Ni3+δAl1−δ bulk alloy with δ = 0.084 that
exhibited, as in the present case, two Curie temperatures, both
very close to our values [24]. The first has been attributed to the
weak itinerant ferromagnetism of the Ni3Al bulk alloy [22,23]
and the second to Ni clusters embedded into this alloy [24].

The Curie temperature of Ni3Al bulk strongly depends
on stoichiometry. While the stoichiometric alloy has TC =
40 K, already 2% higher Ni content almost doubles this
value [22,23]. The value found for Ni3+δAl1−δ with δ = 0.084
is within the error bar identical with our TC1 [24]. We thus
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FIG. 1. (Color online) (a) STM image of the Al2O3 bilayer
on Ni3Al(111) (Vt = 3.5 V, It = 0.1 nA). (b) Out-of-plane zero
field magnetic susceptibility χ (T ) of pristine Ni3Al(111) (red) and
Al2O3/Ni3Al(111) (black). The transitions between the plateaus are
at TC1 = 79 ± 1 K and TC2 = 236 ± 3 K. (c) XMCD Ni M(H ) curves
recorded on Al2O3/Ni3Al(111) at T = 160 K at normal (black) and
grazing incidence (red) showing an in-plane easy axis. (d) Influence
of many sputter-annealing-oxidation cycles. B and C have been
acquired two and four months after A, respectively. TC1 increases
monotonically while TC2 evolves in a nonmonotonic way.

attribute the first magnetic phase transition of our substrate to
a slightly Ni enriched near surface region of the crystal that
is at least as thick as the MOKE probing depth of 20–30 nm
[35,36].

The second plateau with much higher TC either stems from a
very thin and strongly Ni enriched layer located directly at the
Ni3Al/vacuum, respectively, Ni3Al/Al2O3 interface, or from
pure Ni clusters embedded into the alloy and distributed over
the MOKE probing depth [24]. Although the first interpretation
is supported by TC2 being close to that of a 2 ML Ni thin film on
Cu(111) [37], we prefer the second, proposed in Ref. [24]. As
we will see below it allows us to explain the nontrivial observed
magnetic coupling of the Fe clusters across the oxide to the
substrate.

The Ni enhancement in the near surface region can be
caused by Al segregation upon annealing, reducing the Al
concentration in a certain thickness below the surface [38]. In
addition, Al has a slightly higher sputtering yield with respect
to Ni [39,40] and is therefore depleted at each preparation
cycle. Finally, the initial stoichiometry of the Ni3Al crystal
might have been slightly unbalanced.

Further evidence of Ni enrichment in the near surface region
is given by the evolution of both TC’s over many surface
preparation and oxidation cycles. Figure 1(d) presents χ (T ) of
three freshly prepared oxide covered surfaces that span a time
window of four months (named A, B, and C in temporal order).
Very many preparation and oxidation cycles separate those
measurements, since we prepared a fresh Al2O3/Ni3Al(111)
surface almost every day. It is seen that TC1 monotonically
increases with time going from 79 ± 1 K for A to 83 ± 1 K for

C, implying that the Ni concentration in the near surface region
is slightly increasing with the number of preparation cycles.
In contrast, TC2 varies in a nonmonotonic way; it starts from
233 ± 3 K for sample A, goes to 251 ± 3 K for B, and back
close to the initial value for C. This oscillation is attributed to
small changes in the embedded Ni cluster size or morphology,
albeit the application of an unchanged preparation procedure.

We now turn to the χ intensities. While the differences
observed in the height of the two plateaus in samples A,
B, and C are within the limit of our sensitivity, the overall
increase from bare Ni3Al to Al2O3/Ni3Al in Fig. 1(b) is
significant. This enhancement is evidence of a further increase
of Ni content at the alloy/oxide interface caused by the
depletion of Al incorporated into the oxide [25]. Increasing
the Ni concentration directly below the oxide enhances M

and thus χ (T ) recorded perpendicular to the easy axis. The
almost unchanged TC2 value in Fig. 1(b) suggests that the
formation of the surface oxide does not modify the magnetic
exchange energy of the embedded Ni clusters, while it
probably increases the density and/or size of those located
close to the Al2O3/Ni3Al interface.

B. Equivalent Ni thickness at oxide/alloy interface

We now estimate with XAS and XMCD the amount of Ni
composing the Ni clusters, located close to the alloy/oxide
interface, in terms of the thickness of an equivalent Ni film
below the oxide layer. We note that the probing depth of XAS
and XMCD in the TEY mode and for the electron energy of the
Ni L2,3 absorption edges is of the order of 2 nm. The reported
values vary between 1.4 nm [41,42] and 2.56 ± 0.03 nm [43].
We consider the three subsequent layers, labeled i = 1 for
the l = 0.45 nm thick oxide [14,26], i = 2 for the Ni clusters
with equivalent layer thickness d to be determined, and i = 3
for the 20–30 nm thick near surface region with composition
Ni3+δAl1−δ , see Fig. 2(e).

We take advantage of the fact that the ferromagnetism of
the Ni3+δAl1−δ near surface region can be turned on and off by
measuring once below and once above TC1 . Thus the difference
of the corresponding XMCD signals gives exclusive access to
the magnetic response of layer i = 2. In contrast to XMCD, the
XAS intensity is proportional to the Ni content of the sample,
and therefore independent of temperature. In order to extract
additional information enabling a crosscheck of our thickness
estimate, we measure at normal and grazing incidence. We
note that the shape of the Ni L2,3 absorption edge cannot be
used for the determination of the Ni content since it does not
change markedly for compositions with a Ni content beyond
75% [44,45].

Figure 2 shows XAS and XMCD measurements performed
at 3 K and 160 K sample temperature and under normal
(θ = 0◦) and grazing incidence (θ = 70◦). We first determine
the spin and orbital magnetic moments per Ni atom at both
temperatures and incident angles from the respective XMCD
signals. To very good approximation, we can neglect the
dipolar term in the sum rules [46,47]. For the number of d

holes per Ni atom we take the Ni bulk value of hd = 1.66 [48]
leading to the spin, orbital, and total moments μ = μL + μS

reported in Table I.

245402-3



S. VLAIC et al. PHYSICAL REVIEW B 89, 245402 (2014)

°07=°0=

Photon energy [eV]

X
A

S 
[a

.u
.]

Photon energy [eV]

X
A

S 
[a

.u
.]

Photon energy [eV]

Photon energy [eV]

)(c)(a

(e)

(d)(b)

0.45 nm

d

e–

incident X-rays

emitted electron
20-30 nm z

0

-4

-3

-2

-1

0

1

X
M

C
D

 [a
.u

.]

840 850 860 870 880

XMCD 3 K
XMCD 160 K

0

4

8

12

16

840 850 860 870 880
0

4

8

12

16

840 850 860 870 880

-4

-3

-2

-1

0

1
X

M
C

D
 [a

.u
.]

840 850 860 870 880

XMCD 3 K
XMCD 160 K

FIG. 2. (Color online) (a) Normal and (c) grazing incidence XAS
at the Ni L2,3 absorption edges (B = 1 T, T = 3 and 160 K). (b)
Normal and (d) grazing incidence XMCD signals derived from (a),
respectively (c). The XAS spectra acquired at different temperatures
have been offset for clarity. (e) Schematic of the oxide, pure Ni
cluster modeled as a pure Ni layer, and slightly Ni-enriched near
surface layers, labeled i ∈ {1,2,3}, with their respective electron
escape depths λi and total magnetic moments per atom μi .

The total moments must scale with the XAS signals of the
respective layers as

μ(T = 160 K) = μ2X2

X2 + X3
(2)

μ(T = 3 K) = μ2X2 + μ3X3

X2 + X3
, (3)

with μi the magnetic moments and Xi the integrals over the
XAS intensity (845 � E � 875 eV) of the respective layer i.

TABLE I. Measured orbital μL, spin μS , and total μ magnetic
moments per Ni atom at 3 K and 160 K for grazing and normal
incidence. The errors are ±7% of the reported values.

θ (◦) T (K) μL (μB) μS (μB) μ (μB)

0 160 0.018 0.199 0.217
0 3 0.027 0.374 0.401
70 160 0.022 0.190 0.212
70 3 0.025 0.358 0.383

Therefore

μ(T = 160 K)

μ(T = 3 K)
= μ2X2

μ2X2 + μ3X3
. (4)

The left hand side of this equation is measured from XMCD
for both incident angles. On the right hand side we take
for the moment per Ni atom in layer 2 the bulk value of
μ2 = 0.62 μB [49]. For μ in the Ni3+δAl1−δ layer, we assume
a linear evolution with Ni content. Extrapolating from the
reported values of 0.077 μB for δ = 0.00 and 0.125 μB for
δ = 0.04 [22,23], we arrive for our case of δ = 0.08 at
μ3 = 0.173 μB.

The incident angle and the layer thicknesses enter the
expressions of Xi . To very good approximation, we can
neglect the Al absorption and assume the XAS integral to
be proportional to the XAS intensity at the Ni L3 edge. Due
to the long x-ray penetration depth of λ = 400 nm [43] it is
justified to assume equal incident photon flux for layers 2 and
3. Assuming further equal absorption cross sections for both
layers, one obtains [43,50,51]

X2 ∝
∫ π/2

−π/2

∫ d

0
e

−(z+l)
λ cos θ e

−l
λ1 cos α e

−z
λ2 cos α dzdα (5)

X3 ∝ 3 + δ

4

∫ π/2

−π/2

∫ ∞

d

e
−(z+l)
λ cos θ e

−l
λ1 cos α e

−d
λ2 cos α e

−z+d
λ3 cos α dzdα, (6)

with d, l, δ, θ , and λ defined above, λi the electron escape
depths of layer i, and α the emitted electron angle with respect
to the surface normal.

The electrons’ escape depths are critical parameters in our
estimation. The TEY signal is dominated by the secondary
electrons generated from the inelastic cascade process of the
high energy primary Auger electrons created by the core-hole
decay [43,52]. This leads to an energy dependence of λ2 and λ3.
We use λ2 = 2.5 nm measured for Ni bulk in similar XMCD
experiments [43] and assume an equal value for λ3. Since
λ1 is less known, we calculated our thickness d for several
reasonable values of it. λ1 = 0.5, 1.0, and 10 nm yield 0.37 �
d � 0.64 nm, 0.35 � d � 0.61 nm, and 0.30 � d � 0.55 nm,
respectively. The error bars are essentially caused by the errors
in μ2 and μ3, see caption of Table I. However, for a given
choice of μ2 and μ3, the thicknesses inferred from our normal
and grazing incidence measurements agree within 0.02 nm. In
conclusion, the equivalent thickness of pure Ni present in Ni
clusters at the alumina/alloy interface is d = 0.45 ± 0.15 nm
and therefore around two Ni monolayers.

C. Magnetism of self-assembled Fe nanoclusters

Figures 3(a) and 3(b) compare Fe nanoclusters grown with
and without Pd predeposition. It is evident that the Pd-seeded
Fe nanoclusters are much more regularly spaced and more
monodisperse than the ones grown without [14]. The mean size
of the Pd-seeded Fe clusters, as inferred from the respective
coverages, is 308 atoms with 241 Fe and 67 Pd atoms. Note
that the clusters are three dimensional in both cases.

The temperature-dependent out-of-plane zero-field suscep-
tibilities of the two systems are compared in Fig. 3(c) with
that of the pristine substrate. The different intensities of the
plateaus between TC1 and TC2 are within the variation observed
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FIG. 3. (Color online) STM images of 0.9 ML Fe (a) deposited
after 0.25 ML Pd have been deposited for cluster seeding at the
corner holes of the Al2O3/Ni3Al(111)-(

√
67 × √

67)R12.2◦ surface
and (b) without seeding. (c) MOKE out-of-plane χ (T ) of the substrate
(black), of 0.9 ML Fe deposited on Pd-seeded (red) and unseeded
(blue) alumina. (d) In-plane magnetization curves acquired for the
three cases with transverse MOKE at 90 K. The curves have been
normalized to the high field values.

between different Al2O3/Ni3Al(111) samples (see Fig. 1 (d))
and not significant. The only signature of the Fe clusters is
therefore a peak close to TC2 . Neither its shape nor height and
position depend on Pd seeding. We attribute this peak to a
magnetic coupling of the Fe clusters across the oxide to the
underlying substrate. Since the peak is located close to the
critical temperature of the Ni interface region, the surface
clusters couple to that region. This assignment is further
supported by the in-plane magnetization curves recorded with
MOKE at 90 K, where that region is ferromagnetic with
in-plane easy axis. The curves are shown in Fig. 3(d); they have
identical coercive fields for the three systems indicating that
the Fe clusters are firmly coupled to the Ni interface region.
The peak results from the fact that this region undergoes a
phase transition from ferro- to paramagnetic at TC2 . From there
on, the Fe clusters become decoupled and display their intrinsic
magnetism. This can either be superparamagnetism with their
macrospin being for T > TC2 free to align with the external
field, or they undergo themselves a phase transition from ferro-
to paramagnetic at a slightly higher temperature. In the first
case the peak maximum would mark the blocking temperature
Tb, while in the second case it would indicate the clusters’
Curie temperature TC.

In order to discriminate between the two scenarios, we
performed susceptibility and STM measurements as a function
of the Fe coverage on the unseeded surface, see Figs. 4(a)–4(d).
Clearly, for coverages below 1 ML, χ (T ) exhibits a single
Fe cluster-related peak (P1) located at TC2 , whereas a high-
T shoulder evolves at 1.25 ML. At 1.5 ML, this shoulder
becomes a clear second peak (P2), and simultaneously P1
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FIG. 4. (Color online) (a) MOKE zero-field out-of-plane mag-
netic susceptibility χ (T ) of Fe clusters deposited on the
Al2O3/Ni3Al(111) substrate as a function of Fe coverage. (b) STM
image of 1.5 ML Fe clusters. (c) χ (T ) of 2.5 ML Fe clusters (red)
compared with bare substrate (black). (d) STM image of 2.5 ML
Fe clusters. (e) χ (T ) of 1.4 ML Fe clusters seeded on 0.25 ML Pd
on Al2O3/Ni3Al(111) (red) compared with bare Al2O3/Ni3Al(111)
(black). (f) STM image of 1.4 ML Fe clusters seeded on 0.25 ML Pd.

reduces its intensity. At larger Fe coverages, P2 is completely
separated from the substrate magnetic phase transition and
thus its intrinsic shape is observed. For example, for 2.5 ML
Fe, P2 is located at T = 315 K [see Fig. 4(c)]. The same
behavior is observed for Fe clusters grown on the Pd-seeded
alumina surface [see Fig. 4(e)]. The steep decrease of the χ (T )
signal after P2 strongly suggests that we are observing the
Curie temperature of the clusters; if it were a transition from
blocking to superparamagnetic, the χ (T ) decrease would have
been much more shallow [20,30]. That the peak maximum
indeed marks the clusters TC is confirmed by the shape of the
out-of-plane magnetization curves measured at temperatures
close to P2 for large Fe coverages on both seeded and unseeded
clusters [Figs. 5(a) and 5(b)] and by the Arrott plots derived
from them [Figs. 5(c) and 5(d)] [53,54]. As expected, the
magnetization curves show a square shape which becomes
an S shape approaching P2 and then flatten quickly as the
temperature is raised above P2 [54].

The shape of the magnetization curves also demonstrates
that the Fe clusters’ easy magnetization axes switch from
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FIG. 5. (Color online) (a) Temperature-dependent out-of-plane
magnetization curves reported in Kerr rotation angles θ for 1.4 ML
Fe clusters seeded on 0.25 ML Pd on Al2O3/Ni3Al(111). (b) Same
as (a) but for unseeded 2.5 ML Fe clusters. (c) Arrott plot from (a)
used to infer the critical temperature of TC = 285 ± 5 K. (d) Arrott
plot derived from (b) yielding TC = 320 ± 5 K for unseeded 2.5 ML
Fe clusters.

in-plane to out-of-plane above TC2 . The Arrott plots determine
TC as that temperature where the linearly extrapolated high-
field data of the M2(H/M) curves intercept the origin [solid
lines in Figs. 5(c) and 5(d)] [53,54]. We derive TC = 285 ± 5 K
for 1.4 ML Fe on the Pd-seeded surface, which corresponds to
clusters with a mean size of 440 atoms, and TC = 320 ± 5 K
for unseeded 2.5 ML Fe clusters.

In the absence of structural rearrangements, the TC of nanos-
tructures evolves monotonically with size. For Fe coverages
smaller than 1.0 ML we extrapolate from the above values
that TC � 260 K. We therefore attribute the sharp P1 peak
to a coincidence between the Curie temperatures of the Ni
interface region and of the Fe clusters. Note that the clusters’ TC

increases only slowly with Fe coverage. In addition, at 2.5 ML
we might well have reached the cluster coalescence threshold,
especially on the unseeded alumina surface. However, there
are still clear gaps observable between the nanoparticles in the
STM images presented in Figs. 4(b), 4(d), and 4(f) suggesting
cluster coalescence to be restricted to their basis. It has been
shown that this effect leads to a slow enhancement of TC [55].

D. Nature and strength of the magnetic coupling to the Ni
interface region

The data presented so far point to the existence of
magnetic coupling between Fe clusters and substrate, though
the presence of Fe does not change the susceptibility below
TC2 . This is surprising, since the atomic magnetic moment
of Fe is typically four times larger than the one of Ni
(0.62 and 2.22 μB, respectively [49]), hence 2.5 ML of
Fe should produce a strong change in χ . In particular, a
ferromagnetic (antiferromagnetic) coupling between the Fe
clusters and the Ni interface region should increase (decrease)
the plateau heights well beyond our sensitivity. We propose

FM coupling

AFM coupling
Ni

Ni

Ni

Ni Ni

Fe FeFeFeFe Fe Fe Fe

Al2O3

FIG. 6. (Color online) Schematic cross section of the sample.
The Ni-rich interface layer is made of Ni clusters embedded in the
Ni3Al sample. Their distance from the surface varies between clusters
implying a different sign of the magnetic exchange coupling between
them and the surface adsorbed Fe clusters. The arrows denote the
magnetization direction of Fe and Ni.

that the Fe cluster-surface coupling locally varies between
antiferromagnetic (AFM) and ferromagnetic (FM), and this in
a way that the average contribution to the total susceptibility
cancels out.

We consider two coupling mechanisms, namely dipolar
and exchangelike interactions. In our geometry, dipolar inter-
actions induce an antiferromagnetic coupling independent of
distance. Therefore a pure dipolar interaction cannot account
for our results. Instead, for an exchangelike coupling through
the alumina thin film, or through metal atoms that have created
bridges through the corner holes of the Al2O3 layer, we
expect the distance between the Ni interface region and the
Fe clusters to define the sign of the exchange coupling. In
multilayers made of magnetic films separated by nonmagnetic
metallic spacers, the coupling oscillates from AFM to FM
with a spacer thickness variation of only a few Å [56–58].
In the case of insulating spacers, one has to distinguish two
thickness regimes. For large thicknesses, the evolution of the
coupling constant with spacer thickness is monotonic without
sign change [59], whereas for a few Å thick oxide spacers,
which is the case in the present system, a sign change has been
reported for the magnetic exchange energy [60]. Therefore
independent of the existence of metal bridges or coupling
through the oxide, the sign of the coupling is expected to
change with the distance between the ferromagnetic materials.
Assuming that the Ni interface region is made of Ni clusters
embedded in the Ni3+δAl1−δ matrix, their distance from the
interface can differ from place to place (see Fig. 6). Thus,
the coupling between the Fe clusters and the embedded Ni
clusters can also change from AFM to FM depending on
the cluster location on the surface. In zero-field susceptibility
measurements these two contributions have opposite signs,
leading to unchanged intensity for the plateaus. Note that the
Ni cluster size can’t be determined in our experiment; we can
only determine the TC.

Within our model, the Fe clusters are coupled to the
substrate up to TC2 , where the substrate becomes paramagnetic.
The susceptibility measurements can then be interpreted in the
framework proposed by Won et al. [61]. They have shown that
two ferromagnetically coupled layers give rise to a resonant
peak in susceptibility if their Curie temperatures are close to
one another. Moreover, the Curie temperature of the coupled
system is slightly increased with respect to the uncoupled case.
In our case, the resonating peaks appear for Fe coverages in
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FIG. 7. (Color online) Energy profiles as a function of the angle
between the magnetization and the surface normal derived from
Eq. (7) for different J/K . The condition J � 2K is required to have
an in-plane stable minimum.

between 0.5 and 1 ML on the bare alumina surface. Figure 4(a)
shows a slight increase of the temperature of P1 when the
Fe coverage increases from 0.5 to 1 ML, while TC2 recovers
the value observed on the bare alumina for 1.5 ML. At this
coverage and above, the Fe clusters magnetization switches to
out-of-plane for T > TC2 due to the vanishing of the coupling
with the substrate, and the peak position of P2 represents the
intrinsic Curie temperature of the Fe clusters. For coverages
below 0.5 ML we were not able to observe any Fe related
feature in χ (T ). This is explained by the fact that very small
Fe clusters present at these low coverages have small M

values with respect to the Ni interface region. In addition, they
have TC � TC2 , and therefore resonance effects enhancing the
signal are not expected.

An estimation of the coupling strength can be derived
from the following considerations. Due to the out-of-plane
anisotropy for the Fe clusters [see Figs. 5(a) and 5(b)], the
coupling has to be strong enough to block the Fe cluster
magnetization in the surface plane up to TC2 . Considering the
case where an Fe cluster has FM coupling with the substrate,
the cluster energy is then given in negligible external field by

E(θ ) = K sin2(θ ) − J cos(π/2 − θ ) , (7)

where K is the Fe cluster out-of-plane magnetic anisotropy
energy, θ the angle between the cluster magnetization and
the surface normal, and J the cluster coupling energy to the
underlying Ni interface region, the magnetization of which lies
in the plane with θ = π/2. K can be expressed as the magnetic
anisotropy energy per atom Kat times the number of atoms per
cluster N . Very likely, J depends on the number of atoms at
the cluster base, i.e., J = JatNbase. This can be estimated to be
about 88 atoms in the case of the Pd-seeded surface presented
in Fig. 3(a) assuming a hemispherical clusters geometry.
Figure 7 shows the energy profile for different J/K ratios. It is
evident that a stable in-plane minimum requires J � 2K . The
same requirement is found for the antiferromagnetic coupling.
The case 0 < J < 2K is unlikely since this would give two
stable canted minima with an energy barrier reduced with
respect to the case with J = 0. Due to thermal excitations the
Fe cluster magnetization would then switch from one stable
position to the other, resulting in an increase of the zero-field
susceptibility in the plateau regions that we do not observe.

A quantitative evaluation of the coupling constant from our
model requires us to assume a K value for our Fe clusters.
The anisotropy energy strongly depends on the morphology of
the Fe nanoclusters. Fe trimers on Al2O3/Ni3Al(111) exhibit
Kat = 0.5 meV [25], while this value is expected to drop
quickly with the cluster size [5]. 1 ML thick Fe films on
transition metal substrates have Kat = 0.1 meV [62,63]. For
Fe nanostructures with 2.5 nm mean diameter embedded in a
Ag matrix, Kat = 10 μeV has been reported [64]. Therefore it
is reasonable to assume Kat = 0.1 meV for the present system
leading to K = 24 meV per cluster in the case of 0.9 ML Fe
grown with Pd seeding on the alumina surface [Fig. 3(a)].
This requires a coupling energy of J = 48 meV. With 88
atoms at the cluster base we derive Jat = 0.55 meV. Similar
values have been reported for interlayer exchange coupled
systems [58,60,65].

IV. SUMMARY

We have characterized the magnetic properties of Fe
nanocluster superlattices grown on 2 ML thick alumina on
Ni3Al(111) forming a (

√
67 × √

67)R12.2◦ unit cell. The
substrate itself has intriguing magnetic properties. Namely,
it has a ferromagnetic slightly Ni-enriched region, at least
20–30 nm thick, with composition Ni3+δAl1−δ , δ = 0.084. It
originates from the different sputtering yields of Ni and Al,
leading to an Al depletion during the course of the repeated
preparation and also oxidation cycles. It has an in-plane easy
axis and a Curie temperature that is with TC1 = 81 ± 3 K
twice as high as the one of the stoichiometric bulk substrate.
As expected, TC1 increases monotonically with the number of
sample preparation and oxidation cycles. At the near surface
region there is a second much thinner and more strongly Ni
enriched layer that has TC2 = 240 ± 12 K. This layer has again
an in-plane easy magnetization axis, and it exists for the bare
and for the oxide covered surface.

The Fe cluster growth is well ordered when seeded on
predeposited Pd, whereas the clusters are more randomly
spaced and also more polydisperse without this seeding. The
magnetic properties of the Fe clusters appear to be dominated
for T < TC2 by their coupling to the underlying substrate.
We propose a near surface layer with Ni clusters embedded
in a Ni3+δAl1−δ matrix. We further propose that the Fe
clusters couple to the buried Ni clusters by exchange, or
superexchange, through the oxide and that the coupling must
have a strength of at least two times the anisotropy energy.
In addition, this coupling has to alternate from antiferro- to
ferromagnetic between different surface areas, since the cluster
sample shows no increase in magnetic susceptibility with
respect to the bare oxide surface. We explain this alternation
by the different distances of the embedded Ni clusters from
the oxide/substrate interface.

The intrinsic cluster properties can be accessed for T > TC2 ,
where this coupling vanishes. This is only possible for cluster
sizes from 440 atoms on for which we find TC > TC2 . The easy
magnetization axis of these Fe clusters is out-of-plane, and the
Curie temperature increases monotonically with size. None of
the magnetic properties depend on whether or not the clusters
were seeded by Pd.
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