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Spin reorientation and large magnetic anisotropy of metastable bcc Co islands on Au(001)
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We studied magnetism and morphology of metastable bcc Co nanostructures on Au(001) by x-ray magnetic
circular dichroism in combination with scanning tunneling microscopy and photoelectron emission microscopy.
While room-temperature deposition of Co onto Au(001) leads to the formation of bcc Co thin films with pure
in-plane magnetization, postannealing of these thin films at 500 K drastically changes the morphology to bcc Co
islands embedded in Au. In accordance with this morphological change, we find that an out-of-plane magnetization
emerges additionally and the coexistence of in-plane and out-of-plane remanent magnetizations is observed for
the islands. The nanostructure-size dependence of magnetic moments suggests that the magnetization easy axis
of the island changes from the in-plane to the out-of-plane direction with decreasing nanostructure size. Such
a spin reorientation transition is likely due to the increased fractional population of rim atoms generating the
out-of-plane magnetization in the smaller islands. The observed out-of-plane remanent magnetization of the
smaller islands indicates their large magnetic anisotropy.
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I. INTRODUCTION

The final goal of miniaturization for information storage
is to realize extremely small magnetic bits operating at
room temperature. For this purpose, tiny bits must overcome
thermal fluctuations. The thermal stability of bits relies on
a magnetic anisotropy energy (MAE). Recent experimental
and theoretical advances in nanoscale magnetic systems have
revealed several key concepts to induce the giant MAE to
nanostructures, i.e., (1) lowering the coordination number of
atoms [1], (2) the interfacial effect with surroundings [2], and
(3) electronic band structures [3]. So far, concept 1 was mainly
emphasized to enhance the MAE of magnetic atoms. As the
atomic coordination is reduced from bulky materials to thin
films and further to two-dimensional (2D) nanostructures, the
orbital magnetic moment is enhanced, resulting in the giant
MAE per atom [1,4] since the MAE and orbital magnetic
moment are strongly linked via spin-orbit (SO) interaction [5].
Within 2D nanostructures, larger magnetic moments and MAE
of rim atoms owing to the lower symmetry are also reported
[6–8]. On the other hand, the reduction of volume leads
to weaker ferromagnetic coupling energy in finite-sized 2D
nanostructures, inducing the superparamagnetic behavior [9]
at higher temperatures of practical interest. One possible ap-
proach to enhance the MAE of finite-sized 2D nanostructures
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is to fabricate pseudo-three-dimensional (3D) nanostructures
by vertically stacking atoms while keeping the lateral size. In
such nanostructures, the MAE could be enhanced compared to
simple 2D nanostructures with the same lateral size due to the
increased volume. Despite the merit of vertical stacking, the
technological difficulty remains to stack a sufficient number of
atoms to be ferromagnetic at room temperature while keeping
the lateral size. Hence, incorporation of concepts 2 and 3 in
the vertical stacking is one of the promising directions toward
practical nanostructure fabrication.

To fulfill these conditions, we artificially grew pseudo-3D
bcc Co islands embedded in Au in this study. In addition to
the vertical stacking, the interfacial effect with surrounding
Au atoms and characteristic electronic band structures of the
metastable bcc Co phase could enhance the MAE of the islands
further than simple lowering of the atomic coordination,
resulting in room-temperature ferromagnetism. The experi-
mental results suggest that the coexistence of in-plane and
out-of-plane remanent magnetizations observed for the islands
derives from the nanostructure-size driven spin reorientation
transition (SRT) of the magnetic easy axis; i.e., relatively larger
islands favor the in-plane magnetization, while smaller ones
are likely to be magnetized out of plane.

II. EXPERIMENTAL DETAILS

A reconstructed Au(001) surface was first grown on a
3-nm-thick Cr precovered MgO(001) [10]. All samples in this

1098-0121/2014/90(17)/174410(7) 174410-1 ©2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.90.174410


T. MIYAMACHI et al. PHYSICAL REVIEW B 90, 174410 (2014)

study were prepared by molecular beam epitaxy (MBE) from a
high-purity Co rod (99.998%) onto this Au(001) surface. The
base pressure of the MBE chamber was below 5×10−11 Torr.
Since highly characterized samples are needed to investigate
the relationship between magnetism and morphology, their
morphology was first accurately determined by scanning tun-
neling microscopy (STM) in a constant-current mode at room
temperature. Samples were then capped with 2-nm-thick Au in
situ before transportation through the atmosphere to chambers
for magnetic measurements. Such capping prevents oxidation
in atmospheric conditions while allowing the detection of
magnetic signals.

Magnetic moments of the samples were investigated by
x-ray magnetic circular dichroism (XMCD). The measure-
ments were performed at Dragon beamline BL11A of National
Synchrotron Radiation Research Center in Taiwan by the
total-electron-yield method at room temperature. The energy
resolution E/�E was better than 10 000 and the circular
polarization of the incident x ray was 83%. In the XMCD
measurements, the circular polarization of the x ray was fixed
and the direction of the applied magnetic field up to 1 T was
reversed. The magnetization directions of magnetic domains
at remanence were determined by a photoelectron emission
microscope combined with XMCD (XMCD-PEEM) at room
temperature. Measurements were performed at UE49-PGMa
of BESSY in Germany. The incident circular x ray was nearly
full polarized. XMCD and XMCD-PEEM measurements were
well reproduced at BL25SU [11] of SPring-8 in Japan.

III. RESULTS AND DISCUSSION

A. Morphology

To fabricate bcc Co nanostructures, we first grew bcc Co
thin films by room-temperature deposition of Co onto Au(001)
(these samples are hereafter called RT). Figure 1(a) shows the
STM image of 1.9 monolayer (ML) Co on Au(001) grown
at room temperature (hereafter expressed as 1.9 ML RT).
Its morphology is composed of the film surface with small
islands. From the characteristic 1 ML height difference of
about 0.14 nm and p(1 × 1) low-energy electron-diffraction
(LEED) pattern with a lattice constant of about 0.28 nm, it
is found that deposited Co is epitaxially grown on Au(001)
with the bcc phase [12]. As the coverage is increased up to
3.4 and 6.0 ML as shown in Figs. 1(b) and 1(c), the island
growth is promoted, resulting in rough surfaces. However, we
also confirm from height profiles and LEED patterns that the
bcc structure is still sustained at these coverages.

Pseudo-3D bcc Co islands are fabricated by postannealing
of these bcc Co thin films (RT) at 500 K (these samples are
hereafter called PA). The surface of PA prepared from 1.9 ML
RT (expressed as 1.9 ML PA) is composed of the reconstructed
Au(001) surface and rectangular islands as shown in Fig. 1(d).
Gaussian fitting of the size distribution of 363 islands in the
whole measured region in Fig. 2(a) leads to a mean lateral
dimension of 3.8 nm with a full width at half maximum of 1.8
nm. The morphology of the islands was determined by STM
to be 4 (5) ML bcc Co with a 2 (1) ML Au surfactant layer in
the rim (core) region as shown in Fig. 2(b) (details are given in
[10]). The rim width of about 0.5 nm corresponds to four atoms

FIG. 1. (Color online) STM images of (a) 1.9 ML, (b) 3.4 ML,
and (c) 6.0 ML bcc Co thin films (RT) and (d) 1.9 ML, (e) 3.4 ML,
and (f) 6.0 ML bcc Co nanostructures (PA) on Au(001). The size of
each image is 24 × 24 nm2.

numbered as 1–4. The slight difference of height between the
rim and core regions (0.06 nm) shown in Fig. 2(c) is definitely
caused by 1 ML height difference between Au(001) and bcc
Co (001) (Au, 0.20 nm; bcc Co, 0.14 nm). The origin of the
pseudo-3D bcc Co islands embedded in Au would be due to the
immiscibility of these two metals and large difference in their
surface free energies [13]. In this study, three nanostructures
with different morphology were prepared by changing the
Co coverage. The morphology starts to change from isolated
islands in 1.9 ML PA to network structures in 3.4 ML PA
[Fig. 1(e)] due to the coalescence of islands. In 6.0 ML PA, the
coalescence is further promoted, resulting in a considerably
reduced fraction of the rim [Fig. 1(f)].

B. Magnetic moments

The magnetism of PA is studied and compared to that
of RT by using XMCD. XMCD spectra are obtained in the
total-electron-yield mode at room temperature by detecting
I+ − I−, where I+ and I− denote the x-ray-absorption spectra
(XAS) with the photon spin parallel and antiparallel to
the majority-spin direction. The photon incidence angle is
deviated by 30◦ from the direction of B. A magnetic field
B of 1 T was applied either parallel (B‖) or perpendicular
(B⊥) to the sample surface. Thus, the spectra for B‖ and B⊥
are sensitive to the in-plane and out-of-plane magnetizations
of samples. Figure 3(a) shows XAS and XMCD spectra of
3.4 ML RT at the Co L2,3 absorption edges. An XMCD signal
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FIG. 2. (Color online) (a) Size distribution of bcc Co islands. Lateral dimension is given by substituting each island by a square with the
same area. (b) Schematic cross-sectional view of a bcc Co island. Orange and blue spheres represent Au and Co atoms. Numbers show the
column number of the Co atom in the rim. Outside the rim, Au atoms are piled up to the level shown by the dashed horizontal line. (c) Height
profile of a typical bcc Co island (1.9 ML PA). The dashed horizontal line is set to zero.

is only observed for the B‖. The absence of the out-of-plane
magnetization and a strong in-plane XMCD are consistent with
previous results [14], reflecting the strong in-plane anisotropy
of bcc Co thin films [15,16]. The in-plane magnetization
might show up in the XMCD spectrum recorded in the B⊥
geometry in our XMCD alignment. Nevertheless, note that the
B⊥ XMCD signal is not seen for 1.9 and 6.0 ML RT. This
is because the in-plane magnetization of all the samples is
averaged out by the demagnetization process just before the B⊥
XMCD measurements. Thus, we emphasize in this study that
the out-of-plane magnetization and the in-plane magnetization
are disentangled in the B⊥ geometry, and B⊥ XMCD signals
are only attributable to the out-of-plane magnetization of the
sample.

If PA has similar magnetic properties as RT, no B⊥
XMCD is expected. However, in addition to the in-plane
magnetization, 3.4 ML PA definitely shows the out-of-plane

FIG. 3. (Color online) L2,3 XAS and XMCD spectra of 3.4 ML
(a) bcc Co thin film (RT) and (b) bcc Co nanostructures (PA) with
the external magnetic field B of 1 T measured in the B⊥ and the B‖
geometries. The XAS spectra are normalized by the pre-edge intensity
at 770 eV.

magnetization [Fig. 3(b)]. Comparing the morphology of
3.4 ML RT with that of 3.4 ML PA [see Figs. 1(b) and
1(e)], obviously nanostructuring (PA) of the thin film induces
the out-of-plane magnetization. Figure 4(a) displays a series
of XMCD spectra of PA as a function of Co coverage
recorded in the B⊥ geometry. The out-of-plane magnetization
is clearly observed in all PAs. Furthermore, it turns out that
the magnitude of XMCD at the L3 edge relative to the L2

edge increases systematically with decreasing Co coverage.
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FIG. 4. (Color online) (a) XMCD spectra of bcc Co nanostruc-
tures (PA) as a function of Co coverage measured in the B⊥ geometry.
The spectra are normalized to the L2 intensity. (b) The out-of-plane
remanent XMCD spectrum of 1.9-ML PA measured in the B⊥
geometry. (c) The in-plane easy axis hysteresis loop of 1.9-ML PA
obtained by longitudinal Kerr effects measured at room temperature.
The magnetic field is applied along the [110] direction of bcc Co.
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An even more intriguing feature of PA is seen in the remanent
magnetization. We have confirmed from the remanent B⊥
XMCD and longitudinal Kerr signals in Figs. 4(b) and 4(c) that
1.9 ML PA is ferromagnetic at room temperature and shows
both (b) out-of-plane and (c) in-plane remanences. As for the
origin of remanences, coalescences or interactions between
islands are not probable. This is because reduced remanent
B⊥ XMCD signal with increasing Co coverage is observed
(not shown here), in contrast to the coalescence-induced
ferromagnetism of the Co/Au(111) system [17]. In addition,
the average distance between adjacent Co islands here is
comparable to or greater than that of noninteracting Co islands
on Au(788) [18]. Hence, these results provide a clear evidence
of coexisting out-of-plane and in-plane remanences for the
islands.

To elucidate the origin of coexisting remanences, the
morphological dependence of the out-of-plane orbital (L⊥)
and spin (S⊥) magnetic moments observed only in PA is
examined by XMCD sum rules [19,20]. It should be noted,
however, that evaluated magnetic moments of PA are lower
limits since the highest available field of B⊥ = 1 T may
not be enough to guarantee full saturation of PA samples.
The number of 2.22 for Co 3d holes, obtained from our ab
initio calculation, is used here. We find that L⊥ increases with
decreasing Co coverage as shown by red squares in Fig. 5(a)

FIG. 5. (Color online) Out-of-plane orbital and spin magnetic
moments, (a) L⊥ and (b) S⊥, of bcc Co nanostructures (PA: red
squares) and thin films (RT: blue triangles) as a function of Co
coverage. The horizontal error bars represent the deviations of the
coverage determined by STM and the quartz crystal oscillator. The
standard deviations of the estimated magnetic moments are shown by
the vertical error bars.

(0.03 ± 0.01, 0.11 ± 0.01, and 0.14 ± 0.02 μB/atom for 6.0,
3.4, and 1.9 ML PA, respectively). This L⊥ behavior is seen in
other systems and can be related to the increased fraction of low
coordinated atoms in the nanostructure [1,6]. Nanostructuring
could enhance not only L but also S [4]. However, S⊥ of PA,
0.10, 0.33, and 0.42 μB/atom for 6.0, 3.4, and 1.9 ML PA,
respectively, shown by red squares in Fig. 5(b), is even smaller
than the in-plane spin magnetic moment S‖ of thick bcc Co
films (1.44 μB/atom [14]).

C. Magnetic structure

To interpret such unexpectedly small S⊥ values, first we
assume genuine magnetic structures of PA based on the atomic
coordination. The morphological dependence of L⊥ in PA
and the absence of L⊥ and S⊥ in RT (blue triangles in
Fig. 5) indicate that the atomic sites with reduced coordination
existing only in PA play the crucial role for the out-of-
plane magnetization. Obviously, the rim atoms satisfy these
conditions. On the other hand, core atoms would favor in-plane
magnetization due to the similar atomic coordination as RT.
Second, one has to take into account the exchange interaction,
which favors a collinear spin alignment between rim and core
atoms, to clarify the magnetic structures of PA.

Considering a relatively wide size distribution shown in
Fig. 2(a), relatively larger islands, in which core atoms are
dominant, favor the in-plane magnetization. However, as the
size of the island decreases, rim atoms favoring out-of-plane
magnetization become dominant and thus the rotation of
the magnetization easy axis from the in-plane to the out-
of-plane direction could occur. If such a nanostructure-size
driven SRT occurs, coexisting remanences and apparently
small L⊥ and S⊥ values obtained by XMCD are explainable
since XMCD provides the average magnetic moments of the
whole islands. This scenario is also applicable for PA at higher
coverages. The less fractional population of rim atoms with
increasing coverage results in lower L⊥ and S⊥ estimated by
XMCD. It should be noted that the SRT proposed in this study
is rather unusual. The SRT reported so far were mainly driven
by the thickness and strains near the interface or surface of
nanostructures [21]. The thickness of the capping layer was
also an important factor to induce the SRT [22]. However,
these factors are identical for the islands in this study.

Besides the nanostructure-size driven SRT, the out-of-plane
magnetization observed by XMCD could be also low in the
following cases: (1) partial rotation of Co moments caused by
the external B⊥ field in such a case as the easy axis is toward
in-plane directions or (2) a canted easy axis of magnetization.
In the latter case, the magnetization direction of whole islands
deviates from pure in-plane or out-of-plane directions and
hence both B⊥ and B‖ XMCD signals could be detected.

However, these possibilities can be excluded as follows. As
for case 1, the behaviors of L⊥ and S⊥ are inconsistent with
the partial rotation. Such external-field-induced magnetization
would be larger with increasing Co coverage since a smaller
MAE is expected according to the quenching of the orbital
moment due to stronger crystal field. This possibility is,
however, definitely ruled out by our experimental results. In
addition, the out-of-plane remanence should not be observed
in this case, in contrast to our observation [Fig. 4(b)].

174410-4



SPIN REORIENTATION AND LARGE MAGNETIC . . . PHYSICAL REVIEW B 90, 174410 (2014)

As for case 2, the easy magnetization direction of nanos-
tructures is determined by the competition between the sym-
metry of the crystal structure (magnetocrystalline magnetic
anisotropy) and morphology (shape magnetic anisotropy) and
is normally toward pure in-plane or out-of-plane directions
at the remanence [9]. When nanostructures are capped or
supported by surfaces, the situation might change due to
interfacial-strain-induced atomic relaxation, which could lead
to the modification of the magnetization easy axis and MAE
of nanostructures. Indeed, Nahas et al. demonstrated that
the MAEs of Co nanodots on Au(111) changed drastically
during Au encapsulation [23]. This is due to the change of
atomic lattice parameters of the whole of the Co nanodots
caused by the large lattice mismatch between Au(111) and
hcp Co(111) (∼14% [24]). However, in the present study,
the lattice mismatch between Au(001) including Au cap and
bcc Co(001) is only ∼1.7% [10,12] and hence the atomic
relaxation is negligible in both RT and PA. If the atomic
relaxation is active, the modifications of the magnetization
easy axis and MAE should be observed at least for the RT
sample with the lowest coverage in this study (1.9 ML RT),
where the influence from the Au substrate and Au cap is
significant. The absence of the B⊥ XMCD signal of 1.9 ML
RT is in contrast to this expectation. The canted easy axis
can also be excluded experimentally by the XMCD-PEEM as
explained in detail in the next paragraphs.

Eventually, we consider that the coexistence of in-plane
and out-of-plane remanences of the islands is caused by the
nanostructure-size driven SRT. Direct evidence of the SRT
may be provided by the magnetic imaging of the islands with
spin-polarized STM. However, this technique is not available
in this study due to the presence of the Au surfactant layer on
the islands. Instead, we have performed magnetic imaging
with element specific XMCD-PEEM to confirm intrinsic
in-plane magnetization of larger islands. With this technique,
we can separately extract the magnetic information of bcc
Co nanostructures from the Au surfactant layer and Au cap.
In XMCD-PEEM, the remanent magnetization directions of
domains are distinguishable from the azimuthal angular (�)
dependence of the magnetization M while imaging domains as
shown in Fig. 6(a). Since the XMCD intensity of magnetic do-
mains is proportional to the projection of the magnetic moment
M toward the direction of the incident x ray in XMCD-PEEM,
a cosine (or sine) behavior as a function of � is expected for the
in-plane magnetization (pink arrows) and constant behavior is
expected for the out-of-plane magnetization (green arrows). In
the case of the canted magnetization, M follows a cosine (or
sine) behavior but does not show zero at the minimum.

Figure 6(b) shows an XMCD-PEEM image of 6.0 ML PA,
which is suitable to investigate the magnetic properties of lager
islands. Figure 6(c) shows the � dependence of M for the
white contrast domains in the XMCD-PEEM image. The [110]
direction is defined as � = 0◦. M follows a cosine behavior
with a positive maximum at 0◦ and zero at 90◦, representing
the magnetization direction along [110] (red arrow), which
excludes the possibility of canted magnetization of PA. In the
same way, magnetization directions of all the other domains are
also found to be toward in-plane 〈110〉 directions (green and
blue arrows), supporting that larger islands for 1.9 ML PA are
in-plane magnetized. The evaluated in-plane orbital magnetic

FIG. 6. (Color online) (a) Schematic explanation of the az-
imuthal angular (�) dependence of the magnetization M. For in-plane
magnetization, the projection of M follows a cosine function (Mcos�)
as shown by pink arrows. For out-of-plane magnetization, the
projection is independent of �, providing a constant value (Mcosθ )
as shown by green arrows, where θ is the polar angle between the
surface normal and the incident x ray. In this study, θ is set to 60◦.
(b) XMCD-PEEM domain image of 6.0 ML bcc Co nanostructure
(PA), obtained by tuning the photon energy to the maximum of the
Co L3 absorption edge (∼778 eV). The direction of hν is parallel
to [110] of bcc Co at � = 0◦. Local magnetization directions are
shown by red, green, and blue arrows inside each domain. (c) The �

dependence of M for white contrast domains. M is obtained by the
intensity of the L3 edge XMCD peak (∼778 eV) of the domains as a
function of �. Each point is normalized by the pre-edge intensity at
775 eV. The sample is rotated from � = 0 to 90◦ in steps of 22.5◦ in
a clockwise direction.

moment (L‖) of white contrast domains at � = 0◦, namely,
0.27 ± 0.02 μB/atom, is in good agreement with L‖ of 3.4 ML
RT, 0.28 ± 0.04 μB/atom, derived from the XAS and XMCD
spectra shown in Fig. 3(a). Comparable L‖ values between
6.0 ML PA and 3.4 ML RT indicate that magnetic properties
of PA become similar to those of RT as the nanostructure-size
increases.

Thus, the XMCD-PEEM measurements for 6.0 ML PA
reveal that magnetic domain walls exist between in-plane
magnetized domains pointing in 〈110〉 directions. If a Bloch
type domain wall separates these domains, a weak out-of-plane
magnetization signal could be detected by the remanent B⊥
XMCD. Likewise, the out-of-plane magnetization induced
by the Bloch wall would be also present for thicker RT
(e.g., 3.4 ML RT) due to similar magnetic properties as
6.0 ML PA. Such behavior is not observed in the present
results. Instead, possibly due to heterogeneity of thicker PA,
we consider that there still exist smaller islands showing
the out-of-plane magnetization, despite that most of their
regions with larger domains are in-plane magnetized, which
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FIG. 7. (Color online) Out-of-plane spin magnetic moment of the
smaller islands, Ssmaller

⊥ , in bcc Co islands (1.9 ML PA) as a function of
the dimension of the island showing the out-plane-magnetization. The
upper and lower dashed lines represent the spin magnetic moments
of bilayer close packed Co clusters sandwiched between Au [17] and
thick bcc Co films [14].

results in the emergence of the out-of-plane magnetization in
XMCD. This is in line with the fact that we observed only
in-plane magnetization and no out-of-plane magnetization in
the XMCD-PEEM measurements since the spatial resolution
of the experimental setup (∼20 nm) is not enough to detect
the out-of-plane magnetization signals resulting from smaller
islands.

D. Magnetic anisotropy

Room-temperature out-of-plane remanence shown in
Fig. 4(b) caused by the smaller islands implies their large
MAE. To evaluate the MAE of the smaller islands, we
first extract a cutoff lateral island size of the smaller is-
lands. Below this size, the islands are considered to be
out-of-plane magnetized. The out-of-plane magnetic mo-
ments of the smaller islands can be extracted through
the following equation of magnetic moments obtained by
XMCD on the proposed nanostructure-size driven SRT
model. Namely, Msmaller

⊥ fsmaller + M
larger
⊥ (1 − fsmaller) = M⊥

(M = L,S), where Msmaller
⊥ (M larger

⊥ ), M⊥, and fsmaller denote
the magnetic moments of the smaller (larger) islands, average
magnetic moments, and fractional population of the islands
below the cutoff lateral island size. Considering L

larger
⊥ (S larger

⊥ )
∼ 0 as manifested above, Lsmaller

⊥ (Ssmaller
⊥ ) is given by

L⊥/fsmaller (S⊥/fsmaller).
By virtue of the size distribution of the islands obtained by

STM as shown in Fig. 2(a), we can directly evaluate fsmaller

for each dimension. To find the most probable fsmaller value,
we have plotted Ssmaller

⊥ as a function of the dimension and
compared it with the spin magnetic moment of bilayer close
packed Co clusters sandwiched between Au [17] and that
of thick bcc Co films [14]. The spin magnetic moment of
nanostructures is a good candidate to determine the cutoff
size (fsmaller) due to its nearly independent nature of the
morphology and/or substrate [1,17]. Ssmaller

⊥ obtained from
S⊥ = 0.42 ± 0.06 μB/atom for 1.9 ML PA shown in Fig. 5(b)
and fsmaller as a function of the dimension is shown in Fig. 7.

Note that Ssmaller
⊥ would be larger than S‖ of thick bcc Co films

since nanostructuring enhances the spin magnetic moment due
to the narrowing of the 3d band and an increase in the density of
states near the Fermi level. Thus, it is found that only the cutoff
size of about 3 nm (fsmaller ∼ 22%) gives a reasonable Ssmaller

⊥
value for the nanostructure-size driven SRT. The extracted
Ssmaller

⊥ (∼ 1.9 μB/atom) [25] of the smaller islands shows a
similar value as S⊥ of close packed Co clusters [17].

Considering the room-temperature out-of-plane rema-
nence, the perpendicular MAE per smaller island, N�ESO

(N : a number of Co atoms in the smaller island), must exceed
the superparamagnetic limit of 645 meV (25 kBT at 300 K)
[26]. Rough estimation of �ESO for typical smaller islands
with a dimension of 3 nm (N ∼ 600) leads to a large MAE of
about 1.0 meV, which is considerably larger than the MAEs of
close packed Co nanostructures or thin films [17,27].

The immediate question here is why is the MAE of the
smaller islands large enough to show the room-temperature
remanence? One reason is the vertical stacking of the smaller
islands. The increased number of Co atoms enhances their
ferromagnetic coupling energies compared to 1 ML height
islands with the same lateral size. Another hint is given by a
large difference in the blocking temperature Tb of the smaller
islands embedded in Au (∼300 K) and Tb of close packed Co
nanostructures on Pt(111) (∼100K) [8]. It is experimentally [2]
and theoretically [28] well known that MAEs of 3d transition-
metal systems increase by forming a 3d-5d interface with
nonmagnetic 5d materials. As for the Co-Au system, Luis
et al. demonstrated that the MAE of Co nanoparticles capped
with Au was significantly enhanced, leading to an increase of
Tb by a factor of 3 compared to the uncapped ones [29]. This
is due to the strong SO coupling of Au atoms, which couple to
surface Co atoms in Co nanoparticles via Co-Au hybridization.
The smaller islands in this study are covered by Au, in contrast
to vacuum in [8], and hence higher Tb can be expected.

The higher Tb is also plausible from the significant differ-
ences in the electronic band structures between bcc and close
packed Co. A perturbation theory reveals that the 3d bandwidth
W (exchange splitting �ex) is inversely (directly) proportional
to MAE. For bcc Co, W is approximately 1.5 eV narrower
than that of close packed Co [30,31] and �ex is the largest
among 3d transition metals in accordance with the highest
spin polarization [32]. Hence, the larger MAE of Co with the
bcc phase compared with other phases is expected, resulting
in higher Tb as well. Note that these two effects also enhance
Tb of the larger islands, stabilizing the in-plane magnetization.
As manifested above, such refinement of surrounding atoms
and electronic band structures toward larger MAE in addition
to the vertical stacking could establish the ferromagnetic order
of bcc Co islands even at room temperature, leading to the
coexistence of the out-of-plane and in-plane remanences.

IV. CONCLUSIONS

In conclusion, we have used XMCD to investigate magnetic
properties of metastable bcc Co thin films and nanostructures
on Au(001). While thin films show only the in-plane magneti-
zation, the out-of-plane magnetization emerges additionally
in nanostructures. Especially, the coexisting in-plane and
out-of-plane remanences are confirmed for the islands. The
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observed out-of-plane magnetization of nanostructures shows
the coverage dependence as reported in other systems. Its
magnitude is, however, unexpectedly smaller than the in-plane
magnetization of thick films by a factor of more than 3.
Combining these XMCD results with the results of the surface
analysis technique by STM, consequently, we conclude that the
nanostructure-size driven SRT of the magnetic easy axis from
the in-plane to the out-of-plane direction with decreasing size
is the most plausible interpretation to explain the coexisting
in-plane and out-of-plane remanences for the islands. The
validity of proposed SRT is reinforced by the intrinsic in-plane
magnetization of the larger islands revealed by XMCD-PEEM.
The out-of-plane remanence caused by the smaller islands with
a large MAE of about 1 meV/atom is possibly attributed to
(1) increased volume by the vertical stacking, (2) the effective
interfacial effect between Co atoms in the smaller islands and

surrounding Au atoms, and (3) the specific electronic band
structure in the bcc Co phase.
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Walker, J. Appl. Phys. 57, 3024 (1985).

[31] D. A. Papaconstantopoulos, Handbook of the Band Structure of
Elemental Solids (Plenum, New York, 1986).

[32] S. Yuasa, A. Fukushima, H. Kubota, Y. Suzuki, and K. Ando,
Appl. Phys. Lett. 89, 042505 (2006).

174410-7

http://dx.doi.org/10.1126/science.1082857
http://dx.doi.org/10.1126/science.1082857
http://dx.doi.org/10.1126/science.1082857
http://dx.doi.org/10.1126/science.1082857
http://dx.doi.org/10.1103/PhysRevB.77.184420
http://dx.doi.org/10.1103/PhysRevB.77.184420
http://dx.doi.org/10.1103/PhysRevB.77.184420
http://dx.doi.org/10.1103/PhysRevB.77.184420
http://dx.doi.org/10.1016/S0304-8853(99)00407-2
http://dx.doi.org/10.1016/S0304-8853(99)00407-2
http://dx.doi.org/10.1016/S0304-8853(99)00407-2
http://dx.doi.org/10.1016/S0304-8853(99)00407-2
http://dx.doi.org/10.1038/416301a
http://dx.doi.org/10.1038/416301a
http://dx.doi.org/10.1038/416301a
http://dx.doi.org/10.1038/416301a
http://dx.doi.org/10.1103/PhysRevB.39.865
http://dx.doi.org/10.1103/PhysRevB.39.865
http://dx.doi.org/10.1103/PhysRevB.39.865
http://dx.doi.org/10.1103/PhysRevB.39.865
http://dx.doi.org/10.1103/PhysRevB.59.R701
http://dx.doi.org/10.1103/PhysRevB.59.R701
http://dx.doi.org/10.1103/PhysRevB.59.R701
http://dx.doi.org/10.1103/PhysRevB.59.R701
http://dx.doi.org/10.1103/PhysRevB.64.104429
http://dx.doi.org/10.1103/PhysRevB.64.104429
http://dx.doi.org/10.1103/PhysRevB.64.104429
http://dx.doi.org/10.1103/PhysRevB.64.104429
http://dx.doi.org/10.1038/nmat930
http://dx.doi.org/10.1038/nmat930
http://dx.doi.org/10.1038/nmat930
http://dx.doi.org/10.1038/nmat930
http://dx.doi.org/10.1016/j.susc.2007.12.011
http://dx.doi.org/10.1016/j.susc.2007.12.011
http://dx.doi.org/10.1016/j.susc.2007.12.011
http://dx.doi.org/10.1016/j.susc.2007.12.011
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1063/1.1287626
http://dx.doi.org/10.1016/j.susc.2004.05.056
http://dx.doi.org/10.1016/j.susc.2004.05.056
http://dx.doi.org/10.1016/j.susc.2004.05.056
http://dx.doi.org/10.1016/j.susc.2004.05.056
http://dx.doi.org/10.1143/JJAP.21.1569
http://dx.doi.org/10.1143/JJAP.21.1569
http://dx.doi.org/10.1143/JJAP.21.1569
http://dx.doi.org/10.1143/JJAP.21.1569
http://dx.doi.org/10.1103/PhysRevB.69.054416
http://dx.doi.org/10.1103/PhysRevB.69.054416
http://dx.doi.org/10.1103/PhysRevB.69.054416
http://dx.doi.org/10.1103/PhysRevB.69.054416
http://dx.doi.org/10.1103/PhysRevB.57.11935
http://dx.doi.org/10.1103/PhysRevB.57.11935
http://dx.doi.org/10.1103/PhysRevB.57.11935
http://dx.doi.org/10.1103/PhysRevB.57.11935
http://dx.doi.org/10.1103/PhysRevB.54.11903
http://dx.doi.org/10.1103/PhysRevB.54.11903
http://dx.doi.org/10.1103/PhysRevB.54.11903
http://dx.doi.org/10.1103/PhysRevB.54.11903
http://dx.doi.org/10.1103/PhysRevLett.87.257201
http://dx.doi.org/10.1103/PhysRevLett.87.257201
http://dx.doi.org/10.1103/PhysRevLett.87.257201
http://dx.doi.org/10.1103/PhysRevLett.87.257201
http://dx.doi.org/10.1103/PhysRevLett.95.157204
http://dx.doi.org/10.1103/PhysRevLett.95.157204
http://dx.doi.org/10.1103/PhysRevLett.95.157204
http://dx.doi.org/10.1103/PhysRevLett.95.157204
http://dx.doi.org/10.1103/PhysRevLett.75.152
http://dx.doi.org/10.1103/PhysRevLett.75.152
http://dx.doi.org/10.1103/PhysRevLett.75.152
http://dx.doi.org/10.1103/PhysRevLett.75.152
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.68.1943
http://dx.doi.org/10.1103/PhysRevLett.96.147202
http://dx.doi.org/10.1103/PhysRevLett.96.147202
http://dx.doi.org/10.1103/PhysRevLett.96.147202
http://dx.doi.org/10.1103/PhysRevLett.96.147202
http://dx.doi.org/10.1103/PhysRevB.66.104402
http://dx.doi.org/10.1103/PhysRevB.66.104402
http://dx.doi.org/10.1103/PhysRevB.66.104402
http://dx.doi.org/10.1103/PhysRevB.66.104402
http://dx.doi.org/10.1103/PhysRevLett.103.067202
http://dx.doi.org/10.1103/PhysRevLett.103.067202
http://dx.doi.org/10.1103/PhysRevLett.103.067202
http://dx.doi.org/10.1103/PhysRevLett.103.067202
http://dx.doi.org/10.1103/PhysRevB.44.10354
http://dx.doi.org/10.1103/PhysRevB.44.10354
http://dx.doi.org/10.1103/PhysRevB.44.10354
http://dx.doi.org/10.1103/PhysRevB.44.10354
http://dx.doi.org/10.1103/PhysRevLett.83.2769
http://dx.doi.org/10.1103/PhysRevLett.83.2769
http://dx.doi.org/10.1103/PhysRevLett.83.2769
http://dx.doi.org/10.1103/PhysRevLett.83.2769
http://dx.doi.org/10.1103/PhysRevLett.75.3752
http://dx.doi.org/10.1103/PhysRevLett.75.3752
http://dx.doi.org/10.1103/PhysRevLett.75.3752
http://dx.doi.org/10.1103/PhysRevLett.75.3752
http://dx.doi.org/10.1103/PhysRevB.74.054401
http://dx.doi.org/10.1103/PhysRevB.74.054401
http://dx.doi.org/10.1103/PhysRevB.74.054401
http://dx.doi.org/10.1103/PhysRevB.74.054401
http://dx.doi.org/10.1063/1.2172217
http://dx.doi.org/10.1063/1.2172217
http://dx.doi.org/10.1063/1.2172217
http://dx.doi.org/10.1063/1.2172217
http://dx.doi.org/10.1063/1.335201
http://dx.doi.org/10.1063/1.335201
http://dx.doi.org/10.1063/1.335201
http://dx.doi.org/10.1063/1.335201
http://dx.doi.org/10.1063/1.2236268
http://dx.doi.org/10.1063/1.2236268
http://dx.doi.org/10.1063/1.2236268
http://dx.doi.org/10.1063/1.2236268



