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Magnetic properties of GaAs-Fe3;Si core-shell
nanowires—A comparison of ensemble and single
nanowire investigation
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published online 4 January 2017)

On the basis of semiconductor-ferromagnet GaAs-Fes;Si core-shell nanowires
(Nws) we compare the facilities of magnetic Nw ensemble measurements by
superconducting quantum interference device magnetometry versus investigations
on single Nws by magnetic force microscopy and computational micromag-
netic modeling. Where a careful analysis of ensemble measurements backed
up by transmission electron microscopy gave no insights on the proper-
ties of the Nw shells, single Nw investigation turned out to be absolutely
essential. © 2017 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4973748]

I. INTRODUCTION

In the last years, semiconductor-ferromagnet core-shell nanowires (SFCSNws) attract quite a lot
of attention as they are regarded as promising candidates for a number of forward-looking devices
in the field of spintronics and magnetic recording.'~'? To fabricate SFCSNws, commonly first semi-
conductor Nws are fabricated by epitaxial methods such as molecular beam epitaxy or metal oxide
chemical vapor deposition and are in a second growth step coated with the ferromagnetic mate-
rial. Thereby the magnetic material does not necessarily stick to the Nw shells exclusively. It rather
grows where the material flux reaches the sample. This is due to the quite low growth temperatures
that are used and the therefore high sticking coefficient almost everywhere on the sample. Thus,
as-grown samples always comprise SFCSNws as well as a parasitic ferromagnetic layer between
the Nws.

For the above mentioned device fabrication, an appropriate magnetic characterization of such
SFCSNws is mandatory. This can be done either by ensemble measurement techniques or single
Nw investigation methods. Ensemble measurements have the advantage that they give quite good
statistics by averaging over a large number of Nws on a sample but as a disadvantage they contain also
contributions from magnetic material on the sample that does not belong to the Nw shells, such as the
parasitic ferromagnetic layer between the Nws. Thus, the insight of ensemble measurements on the
Nws themselves that were reported recently by using superconducting quantum interference device
magnetometry (SQUID), small angle neutron scattering and ferromagnetic resonance techniques are
quite equivocal.'”” Single Nw magnetic investigation on the other hand gives precise information
about only the selected structure (one Nw shell) but thus it reflects only the information obtained
from one single event of measurement (from one Nw). To draw conclusions from such measurements
over all other Nws is hence quite limited. To investigate single Nws, electrical measurements of the
magnetoresistance, magnetic force microscopy (MFM) and nanoSQUID techniques were used so far
in literature >%-12
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In this study, we give an overview and compare the capability of the commonly used magnetic
ensemble and single Nw magnetic characterization on the basis of GaAs-Fe3Si core-shell Nws. Details
on the growth and structural properties of these Nws can be found elsewhere.>!'3-1> In the first part of
this article, we report on the ensemble measurements which were carried out using SQUID at room
temperature (RT). In the second part, we present magnetic single Nw investigation. For this purpose,
we used MFM at RT and numerical micromagnetic modeling by the finite element simulation tool
Nmag.'®

Il. ENSEMBLE NW CHARACTERIZATION

As mentioned above, the as-grown SFCSNw samples comprise two main magnetic contribu-
tions; first the Nw shells and second an unintentionally grown planar magnetic layer between the
Nws. Details on the growth can be found elsewhere.’ Both contributions can be seen in the bright-
field transmission electron micrograph (TEM) of GaAs-Fe3Si core-shell Nws in Fig. 1(a). The Nws
are oriented along the out-of-plane [111] direction on a Si(111) substrate that is covered with a thin
native oxide layer. The Fe3Si shell grows on the GaAs facets whereas the parasitic layer grows on
top of the amorphous oxide. In the following these samples are referred to as sample configuration
A. To distinguish later on in the ensemble measurements between a contribution from the Nw shells
and a second from the parasitic layer, two additional sample configurations were prepared. After the
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FIG. 1. Sketches and TEM/SEM images of the three sample configurations used for ensemble Nw characterization with a
Fe3Si growth temperature of 200 °C. (a) TEM side view of sample A: an as-grown GaAs-Fe3Si core-shell Nw sample. (b) SEM
top view of sample B: the as-grown sample A with removed Nws which are indicated by arrows. It contains the parasitic Fe3Si
layer and with Fe3Si covered GaAs islands only. (c) TEM cross section of sample C: a planar Fe3Si film.
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measurement of sample A, the Nws of this sample were removed. This was done in an ultrasonic
bath and checked with scanning electron microscopy (SEM). The obtained sample now only consists
of the parasitic Fe;Si film and with Fe3Si covered GaAs islands that typically grow as well during
the self-assisted vapor-liquid-solid GaAs Nw growth mechanism. It is shown in Fig. 1(b) and repre-
sents sample configuration B. Finally an equally thick planar Fe;Si layer was grown under identical
conditions that were used for the core-shell Nw growth on the same substrate i.e., a Si(111) substrate
covered with a thin native oxide layer. This is labeled sample configuration C and shown in Fig. 1(c).

Samples of all three configurations with Fe3Si growth temperatures of 100, 200, 300, and 350 °C
were measured with SQUID at RT. The external field was applied along the two major in-plane
directions (112), and (110), and along the out-of-plane [111] direction, i.e. along the Nw axis.
Exemplarily, the obtained M-H -curves for samples A(100 °C), B(100 °C), and C(100 °C) i.e., samples
A, B, and C with a Fe3Si growth temperature of 100 °C measured along the out-of-plane [111] direction
can be found in Figs. 2(b) and 2(b). Similar results are obtained for all sample configurations at higher
Fe3Si growth temperatures. In general, all samples show a very hard magnetic axis along the [111]
direction with anisotropy fields of about 20 kOe, which lies in the typical range for Fe3Si. A potential
parallel magnetization of the SFCSNws, i.e. a spontaneous magnetization oriented along the [111]
direction in addition to the in-plane magnetization of the parasitic layer would reduce the measured
effective anisotropy field for sample A exclusively which was not observed. In the small field region
in Fig. 2(b), a hysteresis is present for all sample configurations. This hysteresis may result from the
SFCSNws. However, as samples B and C without Nws as well show a hysteresis, small sample tilts
during the measurement may as well cause the observed hysteresis.

In the in-plane directions, as shown exemplarily for A(100 °C) in Fig. 2(c), magnetically isotropic
behavior with almost identical anisotropy fields was found for all samples. An additional easy or
hard axis contribution from the Nw shells exclusively for sample A was also not observed in these
directions.

This leads to the suggestion that either the Nw shells possess as well as the parasitic layer an
in-plane magnetization or the parasitic layer completely dominates the magnetic ensemble measure-
ments. A mathematical estimation of the volume of ferromagnetic material gave an overall Nw shell
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FIG. 2. (a) and (b): Magnetic moment of the samples A(100 °C), B(100 °C), and C(100 °C) over an external field parallel to
the [111] direction. (a) M-H-curves up to the high field region. (b) Hysteresis at small fields. (¢) Magnetic moment dependence
of sample A(100 °C) measured along the two in-plane directions (110) and (112).
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volume of only (0.5 - 12) % of the parasitic layer volume. Thus, the above suggestion of a domi-
nating parasitic layer in the ensemble measurement is quite reasonable. However, after the presented
ensemble measurement investigation of three different sample configurations by a such powerful tool
as SQUID magnetometry it can be deduced that it is not possible to elucidate a discrete magnetic con-
tribution from the Nw shells. Thus, ensemble measurements are not suited to investigate the magnetic
texture of ferromagnetic Nw shells. For this purpose, an investigation of single Nws is indispensable.

More information on the magnetic ensemble investigation can be found in the supplementary
material.

lll. SINGLE NW CHARACTERIZATION

To investigate the magnetic properties of single Nws, we carried out MFM on Nws that were
first removed from the as-grown sample configuration A via an ultrasonic bath in a solvent and than
transferred to a second clean substrate. The obtained MFM phase maps combined with an image of
the atomic force microscopy (AFM) topography of several Nws with a Fe3Si growth temperature
of 100 °C are presented in Figure 3. The observed MFM phase contrast differs significantly from
the topological contrast. Nws were scanned at different angles. Thus the observed phase contrast is
not an artifact of the needle movement. All Nws show a distinct and circular shaped dark end and
opposite a similar bright end where magnetic forces act on the magnetic tip.

To convert the observed MFM phase contrast into a specific magnetization in the Nw shells, the
magnetic field of the sample as well as the magnetic moment of the needle have to be calculated
precisely.!” In general, this is not possible but in a first and simple approximation of the tip’s moment
in the direction perpendicular to the sample, the observed phase shift is proportional to the first or
second derivative of the sample’s magnetic field in this direction.!” Thus, the magnetic field of one Nw
with a distinct magnetization needs to be calculated. This has been done with the numerical python
based finite element micromagnetic simulation tool Nmag.'® More details to this micromagnetic
modeling can be found in the supplementary material.

In magnetic nanotubes, there are only two stable magnetic configurations. These are first the
parallel state with M= (0,0, My) and second the vortex state with M=M s e_[p.ls ‘Whether the equilib-
rium orientation of the spontaneous magnetization will adapt the vortex or the parallel state depends
on nanotube geometry, crystal anisotropy energies and saturation magnetization of the magnetic
material.'”?° As it is shown in Figures 4(a) and 4(b), the first and second derivative of the magnetic
field H, in the (y,z)-plane for these two magnetic states differ completely. Whereas the vortex state
gives an opposing maximum and minimum of magnetic field along the z axis of the wire that is

FIG. 3. AFM (black-white) and MFM maps of several Nws with a Fe3Si growth temperature of 100 °C at a scale of 0.5 um.
The height in the AFM images ranges between 0 and 120 nm, the phase shift of the MFM maps ranges between -1.5 and 1.5 °
except for the lower MFM image with a scale from -0.5 to 0.5 °.
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FIG. 4. Three-dimensional (y,z)-map of the first and second derivative of the magnetic field strength in x-direction of one Nw
calculated by Nmag!® in a distance of 30 nm over the wire in 10> A/(nm-m), and 103 A/(nm?-m), respectively. (a) Nw with
M =(0,0,Ms). (b) Nw with M =My €.

uniformly spread along the whole length of the tube, the parallel state leads to a significant magnetic
field contribution at the ends of the Nw only. Thus, the observed phase shift in MFM can be clearly
attributed to a magnetization along the Nw. Single Nw investigation hence revealed a spontaneous
magnetic moment in the Nw shells that is oriented along the wire, i.e. along the out-of plane direction
of the as-grown samples. It is hence completely different from the moment’s orientation obtained by
the above discussed ensemble SQUID measurements. This evidences that the parasitic planar layer
between the Nws dominates even in very carefully performed magnetic ensemble investigation.

IV. CONCLUSION

The ensemble magnetic measurements by SQUID magnetometry of GaAs-Fe3Si core-shell Nws
were completely dominated by the extensive parasitic Fe3Si layer between the Nws. Thus, with such
ensemble techniques it is not possible to draw any conclusions about the magnetic properties of the
Fe3;Si Nw shells. To gain insights about these properties, single Nw characterization is absolutely
essential. In our study the single measurement technique showed for the SFCSNws in contrast to
the ensemble investigation a magnetization along the wire. This is of general interest, as it applies
to all the so far presented SFCSNws where a significant amount of magnetic material grows as well
between the Nws and should be taken into account when analyzing ensemble magnetic measurements.
Nevertheless, as side note, ensemble magnetic measurements are a powerful tool to investigate the
magnetic properties of Nws in the case of a suppressed parasitic layer growth. This can be realized
for example by increasing the Nw density and length such that the sample space between the Nws is
shadowed by the Nws. However, such high Nw densities have not been demonstrated for SFCSNw
growth so far.

SUPPLEMENTARY MATERIAL

See supplementary material for experimental details and additional characterization data can be
found in the supplementary material.
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