—

AlP  Applied Physic\ \V \ |

Self-assembly of Fe nanocluster arrays on templated surfaces
Olaf Libben, Sergey A. Krasnikov, Alexei B. Preobrajenski, Barry E. Murphy, Sergey |. Bozhko et al.

Citation: J. Appl. Phys. 111, 07B515 (2012); doi: 10.1063/1.3676207
View online: http://dx.doi.org/10.1063/1.3676207

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/N111/i7
Published by the AIP Publishing LLC.

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

ADVERTISEMENT

AIP

Explore AlP’s open access journal: - Rapid publication
Article-level metrics

Post-publication rating and commenting

Downloaded 30 Jul 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions


http://jap.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/932441298/x01/AIP-PT/JAP_CoverPg_0513/AAIDBI_ad.jpg/6c527a6a7131454a5049734141754f37?x
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Olaf L�bben&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Sergey A. Krasnikov&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Alexei B. Preobrajenski&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Barry E. Murphy&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Sergey I. Bozhko&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3676207?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v111/i7?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 111, 07B515 (2012)

Self-assembly of Fe nanocluster arrays on templated surfaces

Olaf Lilbben,"® Sergey A. Krasnikov," Alexei B. Preobrajenski,? Barry E. Murphy,’
Sergey |. Bozhko," Sunil K. Arora,’ and Igor V. Shvets'

'Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), School of Physics,
Trinity College Dublin, Dublin 2, Ireland

2MAX—lab, Lund University, Box 118, 22100 Lund, Sweden

3Institute of Solid State Physics, Russian Academy of Sciences, Chernogolovka, Russian Federation

(Presented 2 November 2011; received 23 September 2011; accepted 9 November 2011; published
online 5 March 2012)

The growth of Fe nanoclusters on the Ge(001) and MoO,/Mo(110) surfaces has been studied using
low-temperature scanning tunneling microscopy (STM) and X-ray magnetic circular dichroism
(XMCD). STM results indicate that at low coverage Fe atoms self-assemble on both surfaces into
well-separated nanoclusters, which nucleate at equivalent surface sites. Their size, shape, and the
observed spatial separation are dictated by the substrate and depend on preparation conditions.
Annealing the Fe nanoclusters on Ge(001) at 420K leads to the formation of linear nanocluster
arrays, which follow the Ge dimer rows of the substrate, due to cluster mobility at such
temperature. In turn, linear Fe nanocluster arrays are formed on the MoO,/Mo(110) surface at
room temperature at a surface coverage greater than 0.5 monolayer. This is due to the more
pronounced row pattern of the MoO,/Mo(110) surface compared to Ge(001). These nanocluster
arrays follow the direction of the oxide rows of the strained MoO,/Mo(110) surface. The Fe
nanoclusters formed on both surfaces show a superparamagnetic behavior as measured by XMCD.
© 2012 American Institute of Physics. [doi:10.1063/1.3676207]

. INTRODUCTION

Self-assembled atomic or molecular nanostructures are
an important topic in modern surface science and
nanotechnology.'™ A major reason for this attention is the
prospect of controlling atomic scale structures on surfaces,
which can lead to mass fabrication of usable systems and
novel devices. A promising approach toward the control of
self-assembly is the use of preformed surface templates onto
which particular nanostructures can be arranged in a well-
ordered fashion.>”’ Surfaces such as the Ge(001)—(2 x 1)
reconstructed surface and the MoO,/Mo(110) surface exhibit
well-defined nanorows formed by Ge dimers and Mo oxide,
respectively.® Such surfaces are suitable templates for the
growth of well-ordered, uniformly sized metal nanoclus-
ters.'®!! In the present work we use the Ge(001)—(2 x 1)
reconstructed surface and the MoO,/Mo(110) surface as tem-
plates for the growth of ordered arrays of Fe nanoclusters.
We employ scanning tunneling microscopy (STM) and
X-ray magnetic circular dichroism (XMCD) to study the
nucleation, structure, and magnetic properties of the Fe
nanoclusters. The results obtained provide important infor-
mation on Fe nanoclusters grown on the Ge(001) surface and
the oxidized Mo(110) surface and will be of value for the de-
velopment of spin-electronics.

Il. EXPERIMENTAL

STM experiments were performed at 78 K, using a com-
mercial instrument from Createc, in an ultrahigh-vacuum
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system (5 x 107"" mbar). An electrochemically etched
monocrystalline  W(100) tip12 was used to record STM
images in constant current mode. The voltage V,, corresponds
to the sample bias with respect to the tip. The Ge(001) sur-
face was cleaned by cycles of Ne' ion sputtering at an
energy of 0.6keV and annealing at 925K for 40 min. The
Mo(110) surface was prepared by in situ annealing at 1300 K
in an oxygen atmosphere of 1x 10~® mbar, followed by
high temperature flashes at 2200 K. The sample was oxidized
at 1250K in an oxygen atmosphere of 5 x 10~’ mbar for
2min. The quality of both substrates was verified by low-
energy electron diffraction and STM before the deposition of
Fe. Fe was deposited from an electron-beam evaporator at a
rate of 0.1 monolayer (ML) per minute. The substrate was
kept at room temperature (RT) during deposition. After dep-
osition, the sample was transferred into the STM and cooled
down to 78 K. XMCD measurements were performed at the
D1011 beamline at MAX-lab, Sweden. Fe 2p X-ray absorp-
tion (XA) spectra were recorded using sample drain current.
The relative intensities of the spectra were normalized to the
same continuum jump at the photon energy of 745eV.
The photon energy resolution was set to 200 meV at the Fe
Ls-edge (=710eV). For XMCD measurements a switchable
magnetic field of 0.05 T was applied.

lll. RESULTS

The Ge(001)—(2 x 1) surface reconstruction exhibits dimer
rows, which are formed through the pairing of nearest-neighbor
surface atoms.® These rows are oriented along the [110] crystal-
lographic direction. At low coverage (0.05 ML-0.50 ML) Fe
forms uniformly sized, well-separated nanoclusters on the

© 2012 American Institute of Physics
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FIG. 1. (Color online) STM images of (a) 0.2 ML of Fe on Ge(001), V,,= 1.5V, I,=1.60 nA, 24 nm x 24 nm, 78 K and (b) 0.3 ML of Fe on Ge(001) annealed
at 420K for 30 min to form linear nanocluster arrays, V,,= 1.5V, I,=1.60 nA, 20nm x 20 nm, 78 K. (c) Fe 2 p XA spectra measured at 150K from 0.3 ML of
Fe nanocluster arrays on Ge(001) with the magnetic field of 0.05 T applied in two opposite directions (—B,,,, and +B,,,,). The XMCD spectrum is multiplied

by a factor of 10 for clarity.

Ge(001) surface at RT (Fig. 1(a)). Each individual nanocluster
consists of 16 Fe atoms'' and its size is equal to 9 Ax9 A
They have an apparent corrugation height of (1.1 =0.1) A,
which does not depend on the bias voltage. It is clear from Fig.
1(a) that these nanoclusters follow the [110] direction of the Ge
dimer rows, although the separation between the clusters varies
throughout the image. Further deposition of Fe does not lead to
the formation of ordered nanocluster arrays, but only to a
higher density of nanoclusters of the same size. However,
annealing the Fe nanoclusters on the Ge(001) surface at 420K
for 30 min leads to the formation of linear nanocluster arrays.
These arrays are elongated along the [110] direction of the Ge
dimer rows (Fig. 1(b)) and were found to be up to 15nm in
length. The temperature of 420K has been chosen due to the
observation that, for temperatures higher than 430 K, interdiffu-
sion of Fe and Ge seems to take place.13 The Fe nanocluster
arrays have a corrugation height of (1.1 = 0.1) A, the same as
the single nanoclusters prior to annealing. In the [110] direc-
tion, these nanostructures are 9 A wide. An individual nano-
cluster array consists of several Fe nanoclusters aligned along
the [110] direction of the Ge dimer rows. The separation

between the nanoclusters forming the arrays is approximately
4 A. This suggests that the cluster-cluster interaction is weaker
than the interatomic interaction within a single cluster.

In order to study the magnetic properties of the Fe nano-
cluster arrays, XMCD measurements at RT and at 150K
were carried out at normal and grazing X-ray incidence. The
XA spectra from Fe nanocluster arrays on the Ge(001) sur-
face shown in Fig. 1(c) were measured at 150K at grazing
X-ray incidence with the magnetic field aligned along the
[110] direction of the Ge substrate. The spectra have a shape
typical of the XA spectrum of a metal (one asymmetric peak
A), indicating that no significant intermixing occurs at the
Fe/Ge(001) interface, which is in agreement with previous
studies."* The XMCD spectrum shown in Fig. 1(c) results
from the subtraction of the XA spectrum taken at the
maximum magnetic field (+B,,,,) applied in one direction
from the other spectrum taken at the maximum magnetic
field (—B,...) applied in the opposite direction. Grazing
X-ray incidence XMCD measurements for the Fe nanoclus-
ter arrays show very small dichroism at RT and a prominent
difference between the two opposite magnetic directions at
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FIG. 2. (Color online) STM images of (a) 0.3 ML of Fe on MoO,/Mo(110), V;,,=—0.5V, I,=1.10 nA, 40 nm x 40 nm, 78 K and (b) 0.7 ML of Fe on MoO,/
Mo(110), V,,=1.2V, [,=1.00 nA, 40nm x 40nm, 78 K. (c) Fe 2p XA spectra measured at 150K from 0.7 ML of Fe nanocluster arrays on MoO,/Mo(110)
with the magnetic field of 0.05 T applied in two opposite directions (—B,,,, and +B,,,,). The XMCD spectrum is multiplied by a factor of 10 for clarity.
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150 K. This indicates a superparamagnetic behavior of the
Fe nanocluster arrays on Ge(001) similar to the one observed
for the separated nanoclusters.'! Furthermore, no magnetic
hysteresis loop with remanence was observed at 150K, in
comparison to the ferromagnetic response of larger clusters
and nanorods.>'3™'7 This suggests that the nanocluster array
size is still too small to provide a ferromagnetic response.

MoO, grows on the Mo(110) surface in the form of an O-
Mo-O trilayer, exhibiting well-ordered oxide nanorows sepa-
rated by 2.3nm.” These rows are oriented along the [113]
crystallographic direction of the Mo(110) surface. Deposition
of 0.3 ML of Fe on the MoO,/Mo(110) surface leads to the
formation of small nanoclusters, which have a round shape
and are 6 A in diameter (Fig. 2(a)). Most of these nanoclusters
are found as individual structures on the surface. However,
some of them form larger structures with rectangular, triangu-
lar and square shapes, consisting of two, three, and four small
nanoclusters, respectively. All these nanostructures are located
on top of the oxide rows, with a variable separation between
them. In the case of higher Fe coverage (0.6 ML-0.9 ML) the
separation between nanoclusters on the MoO,/Mo(110) sur-
face becomes much smaller. It is clear from Fig. 2(b) that at
such coverage the Fe nanoclusters self-assemble into linear
nanocluster arrays. These arrays follow the [113] direction of
the substrate oxide rows.

The XA spectra from the Fe nanocluster arrays on the
MoO,/Mo(110) surface were measured at RT and 150K
at normal X-ray incidence and grazing X-ray incidence.
Figure 2(c) shows the grazing X-ray incidence spectra
taken at 150K with the magnetic field applied along the
[113] direction of the substrate oxide rows. The Fe L; spec-
tra exhibit two structures: The main asymmetric peak A
and a high-energy shoulder B. The latter indicates that
some intermixing occurs at the Fe/MoQO, interface, result-
ing in bonding between some of the Fe atoms and the top O
layer of the substrate. However, the energy and the shape of
the main peak A are typical for the XA spectrum of Fe
metal. Grazing X-ray incidence XMCD measurements for
the Fe nanocluster arrays show very small dichroism at RT
and a prominent difference between the two opposite mag-
netic directions at 150K (Fig. 2(c)). The same results were
obtained for the separated nanoclusters on MoO,/Mo(110).
This indicates a superparamagnetic behavior of both Fe
nanocluster arrays and separated Fe nanoclusters on the
MoO,/Mo(110) surface. No magnetic hysteresis loop with
remanence was observed at 150K, similar to the case of
Fe/Ge(001). This suggests that the individual nanoclusters

J. Appl. Phys. 111, 07B515 (2012)

within the array are still too well-separated from each other
to result in a ferromagnetic response of the whole system.

IV. CONCLUSION

The results obtained show that the Ge(001) and the
MoO,/Mo(110) surfaces are suitable templates for the
growth of well-ordered, uniformly-sized Fe nanoclusters and
nanocluster arrays. At low coverage, Fe self-assembles into
small clusters, which are well separated on both surfaces. On
the Ge(001) surface, Fe nanocluster arrays that follow the Ge
dimer rows can be formed only by annealing the Fe/Ge(001)
system at 420 K, due to cluster mobility at such temperature.
In contrast, linear Fe nanocluster arrays that follow the Mo
oxide rows are spontaneously formed on the MoO,/Mo(110)
surface at RT if the Fe coverage exceeds 0.5 ML. The
observed Fe nanoclusters and nanocluster arrays show a
superparamagnetic behavior as measured by XMCD.
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