8th International Conference on Fine Particle Magnetism (ICFPM2013) IOP Publishing
Journal of Physics: Conference Series 521 (2014) 012003 doi:10.1088/1742-6596/521/1/012003

| nvestigating individual Fes,Coso alloy nanoparticles using X-
ray photo-emission electron microscopy

A. Klebertt, A. Balan', A. Fraile Rodriguez?, and F. Nolting!

1Swiss Light Source, Paul Scherrer Institut, Villigen PSI, CH-5232 Switzerland
?Departament de Fisica Fonamental and Institut de Nanocienciai Nanotecnologia
(IN2UB), Universitat de Barcelona, E-08028 Barcelona, Spain.

Email: armin.kleibert@psi.ch

Abstract. In situ X-ray photo-emission electron microscopy (PEEM) together with X-ray
circular magnetic dichroism (XMCD) and complementary ex situ scanning electron
microscopy (SEM) is used to investigate the properties of individual FesCos, aloy
nanoparticles in a mass-filtered particle ensemble with a mean size of 12 nm. The data reveal a
uniform chemical composition of the particles, but a wide distribution of magnetic properties
resulting in a co-existence of superparamagnetic (SPM) and ferromagnetically blocked
particles. The ferromagnetic (FM) particles suggest enhanced magnetic energy barriers when
compared to the magneto-crystalline anisotropy energy (MCA) of bulk FesCoso.

[. Introduction
Magnetic nanoparticles have attracted recently considerable research interest due to their current and
prospective applications in spintronics, drug delivery, cancer therapy, multifunctional materias, and
ultrahigh density data storage [1,2,3]. The latter require nanomagnets with magnetic energy barriers En,
which prevent thermally driven switching of the magnetization at room temperature together with a
large saturation magnetization to promote reading and writing information at smaller bit sizes [4].
CoPt or FePt alloysin their chemically ordered L1, phase provide the required properties. In particular,
they possess a high MCA providing a respectively high En, but they are difficult to prepare at the
nanoscale [5]. More recently, the use of FeCo alloys was proposed, which have only small MCA in the
bcc bulk phase, but can develop an MCA similar to that of FePt when the lattice is tetragonally
distorted [4]. Such distortions and an increased MCA have indeed been found in FeCo thin films[6].
Recent investigations on FeCo nanoparticles revealed a high saturation magnetization and
indication for enhanced E. when compared to the bulk MCA of bcc FeCo [7,8]. However, the data
were obtained from ensemble measurements and thus, gave no direct insight in the distribution of
properties within these ensembles. A significant scattering of properties can for instance arise from
size and shape variations, inter-particle interactions, as well as the contact with the surrounding
medium and local surface effects of the individua particles [9]. In case of dloys, the situation
becomes even more complicated due possible particle-to-particle variations of the composition and
chemical order [5]. Recently, it was demonstrated that X-ray PEEM is suitable to probe the chemical
composition and magnetic properties of individual nanoparticles [9,10,11]. In this contribution we use
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this technique to investigate the distribution of composition and magnetic properties of single FeCo
nanoparticlesin a

. Figure 1. (a),(b) Elemental contrast images recorded at (a) the Fe :

. and (b) the Co L; edge. (¢) SEM image of the area denoted with :

. the dashed box in (b). The insets show high resolution SEM :

: images of three particles denoted as A, B, and C in (a)-(k). The :

: scale bar in the inset indicates a length of 50 nm. (d)-(g) Magnetic

. contrast images recorded in the denoted areain (b) as afunction of :

: time t (given in minutes) at the Fe L; edge. (h)-(k) similar to (d)-

© (9), but taken at the Co Ls edge. The particles A, B, C from (b) and :

¢ (¢) areiindicated. (I) Sketch of the experimental geometry and the

. expected equilibrium shape of bec FeCo nanoparticles. |
2. Experimental Details
The nanoparticles are generated in the gas phase by means of an arc cluster ion source using a FessCosp
alloy target (Vacoflux 50, Vacuumschmelze GmbH) [12]. Mass-filtered particles with amean size D =
12 nm and size distribution of AD/D = 0.15 [12] are then deposited onto Si wafers with a native oxide
layer. A gold mesh is used to measure the particle flux during deposition and to ensure a sufficiently
low particle density of afew particles per um? which is required to avoid inter-particle interactions and
to enable single particle investigations in our samples. Prior to the particle deposition, the substrates
are cleaned by Ar sputtering (20 min, 0.5kV, 5-10° mbar). The elementa composition and the
magnetic properties of the particles are studied in situ using X-ray PEEM at a base pressure below
5:10° mbar [13]. In the microscope the samples are illuminated a a grazing angle & = 16° with
respect to the surface [Fig. 1(f)]. Details on the acquisition of elemental and magnetic contrast maps
can be found elsawhere [10,11,14]. All experiments are carried out at room temperature. The particle
morphology is studied subsequently to the PEEM experiments by ex situ SEM. Lithographic Au/Cr
markers on the substrates enable us to identify the same particlesin SEM and PEEM.

3. Resultsand discussion

Elementa contrast maps recorded with X-ray PEEM reveal bright spots at the same sites in images
obtained with the photon energy tuned to the Fe and Co L; edges, cf. Figs. 1(a) and (b), respectively.
Similar to earlier work on size-dependent properties of individual Fe nanoparticles [ 11,14], most of the
bright spots can be assigned to individual nanoparticles with a well-defined, compact shape, as
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demonstrated by SEM, cf. Fig. 1(c) and the insets. Clusters of particles and agglomerates are excluded
from the analysis. Note that the apparent particles size in SEM is affected (increased) due to the
formation of an oxide shell with a thickness of 2-3 nm surrounding the FessCos, cores upon sample
transfer in ambient air in addition to the limited spatial resolution of the SEM which isabout 1 —2 nm.
A detailed correlation of the SEM images with the PEEM elemental contrast maps reveals that every
nanoparticle indeed consists of both elements Fe and Co, respectively. Thus, a decomposition of the
alloy target material into separate Fe and Co nanoparticles can be excluded.
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. Figure 2. (a),(b) Element-specific histograms of the XMCD :

. asymmetry of individual FeCo nanoparticles. The black and blue :

i lines serve as a guide to the eye. (c),(d) Element-specific :

- intensities | and 1o, determined from the elemental contrast maps :

¢ in Figs. 1(a),(b) for a number of particles.(e) Ratio I/l Of the :

sameparticles. ] f
Examples of element-specific magnetic contrast images, recorded as a function of time in the area
denoted in Fig.1(b), are shown in Figs. 1(d)-(k). The magnetic contrast of the particles ranges from
black to white through a variety of grey values for both Fe and Co constituents. The magnetic contrast

is proportional to the projection of the magnetization ”* onto the X-ray propagation vector [11].
Thus, the variety of grey tones reflects a random orientation of the magnetization of the particles due
the stochastic deposition process [15]. Some of these particles show stable magnetic contrast over the
total observation time which was 9 hours, such as particle "A” in Fig. 1. The presence of such FM
particles is not expected when considering FeCo nanoparticles with bulk-like properties and a highly
symmetric equilibrium shape, as schematically shown in Fig.1() [12]. Assuming a typica attempt
frequency of 1-10°s* and using the cubic bulk MCA of FeCo (K; ~ 1-10*¥md) in the Arrhenius law for
magnetic relaxation, we find that at room temperature only particles with a size larger than about 45
nm should show stable magnetic contrast over the full observation period. This suggests, that the
observed FM particles demonstrate significantly modified properties when compared to the above
model assumptions.

Closer inspection of the data reveals also the presence of SPM behaviour in a number of particles,
which in some cases can be directly observed as changes of sign and magnitude of the magnetic
contrast of such particles in time, cf. particle “B” in Figs. 1(d)-(k). The respective fluctuations occur
with a rate of a few switching events per hour and thus indicate the onset of SPM behaviour. SPM
particles which fluctuate at a much higher rate show no magnetic contrast in all images due to the
vanishing average magnetization. Such a case might be presented by particle “C” in Figs. 1(d)-(i). The
actual SPM proportion on the sample can be seen, when plotting histograms of the XMCD asymmetry
(cf. Ref. [11]) as shown in Figs. 2(a) and (b), where the peak around zero XMCD (indicated by the
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black line) reflects the SPM particles (about 60% of the ensemble). The flat part (indicated by the blue

line) can be assigned to the FM particles with random orientation of 7 . Notably the histograms for Fe
and Co are similar, as expected from an alloy with well coupled Fe and Co moments.

The distribution of chemical compositions can be studied when anayzing the particle intensities in
elemental Fe and Co contrast maps [Figs. 1(a) and (b)]. In Figs. 2(c) and (d) we display the respective
intensities | and I, for a number of particles. The datareveal typica particle-to-particle variations of
the intensity as discussed in Ref. [14]. However, the ratio Ix/lc. is @lmost constant, which indicates a
similar amount of Fe and Co in the probed volume of each particle. Note that the ratio Ir/lc, does not
directly reflect the atomic ratio of Fe and Co, since the absorption cross sections of Fe, Co, and the Si
substrate at the Fe and Co L; edge energies are different.

4. Conclusion

We have used X-ray PEEM to study the composition and magnetic properties of individual FeCo alloy
nanoparticles. The data revealed a wide distribution of magnetic energy barriers which result in a
coexistence of superparamagnetic and ferromagnetically blocked nanoparticles in a mass-iltered
ensemble of particles with a mean size of 12 nm. In contrast, the atomic ratio of Fe and Co in the
probed volume of the particles was found to be uniform in the sample. However, local inhomogeneities
in the individual nanoparticles are not excluded and might be responsible for the wide distribution of
magnetic properties [16]. The ferromagnetic nanoparticles indicate increased magnetic energy barriers
when compared to estimates based on the magneto-crystalline anisotropy of bulk FeCo. Further studies
are needed to reved whether the enhanced magnetic energy barriers are indeed due to the proposed
tetragonal lattice distortions or due to other effects.
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