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Magnetization reversal behaviour of planar nanowire arrays of Fe
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ABSTRACT

Systematic investigations of magnetization behavior performed on planar arrays of 30 nm wide Fe-
nanowires (NW) fabricated on oxidized step-bunched Si (111) templates reveal that the NW arrays
exhibits an uniaxial anisotropy dominated by the shape of the wires, that facilitates in retaining the
magnetization in-plane with easy axis parallel to the wires. The NWs possess polycrystalline character
with bcc-crystal structure, and present an oxidized interface when capped with MgO. From the
temperature dependent magnetization studies we find that for thick wires (>4.5 nm) the magnetization
reversal is governed by the curling reversal mode. Whereas, for thin wires the reversal is dominated by

thermal activation.
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1. INTRODUCTION

One dimensional (1D) magnetic structures such as nanowires, nanostripes, and atomic chains are of
great importance due to their potential applications in the area of spintronics and as a test ground to
investigate 1D magnetism.[1-3] The formation of such nano-structures can be either lithography based
processes (top-down approach) or self-assembly based (bottom up approach). Though the former
method is more definitive and controlled, the latter approach offers a greater throughput and
possibilities of synthesizing structures well below the boundaries of current lithography capabilities
(~20 nm). Template mediated synthesis of magnetic nanowire (NW) arrays is quite popular. Variety of
templates have been used to produce magnetic NW arrays of wire width ranging from single atom to
several hundred nm. [4-13] Commonly used approaches to fabricate the periodic planar arrays of
magnetic NWs are step flow, step decoration,[7-11] and reactive deposition epitaxy (RDE) [12, 13] on
vicinal templates. Major challenges related to forming planar NW arrays on self-assembled templates
are the super-paramagnetism (due to small thickness of the NWs), and the material selective nature of
the process, making it suitable only for certain NW material and substrate combinations. These
limitations restrict their application potential.. In self-assembled magnetic nanostructures, to overcome
super-paramagnetism (SP), one needs to increase the strength of energy barrier opposing spontaneous
magnetization flipping. It scales with KV, where K is the magnetic anisotropy per unit volume, and V the
system’s volume. This suggests that a possible route to overcome SP in the planar NW arrays is to either
enhance K (e.g., by deposition on a heavy metal substrate [14]) or enhance V (by fabricating thick NW
arrays [15-16]).

The latter approach has been successfully employed to produce room temperature (RT) ferromagnetic
NW arrays using shallow angle deposition [15-16] and reactive deposition epitaxy techniques.[12]
Considering the fundamental and applied interest in the magnetic nanostructrues, it is important to
investigate the magnetization reversal processes in them. Moreover, the strong dependence of the
reversal processes on the geometry (width, length, thickness, inter-wire separation etc.), associated

length scales, and material characteristics calls for further studies in this area.[1-3] Only a few reports
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have focused on magnetization reversal in planar NW arrays defined lithographically.[17] Here, we
report a systematic study of magnetization behavior of Fe-NW arrays of 30 nm wire width on oxidized
vicinal Si (111) templates. The magnetic anisotropy of these NW arrays is found to be dominated by
the shape of the NWs that keeps the magnetic easy axis in-plane and along the wire length. The

magnetization reversal process in these planar NW arrays is found to be thickness dependent.

2. EXPERIMENTAL

Step-bunched vicinal Si templates used in the present study were prepared by performing a dc-current

annealing [18] under ultrahigh vacuum (UHV) conditions of n-type doped vicinal Si (111) stripes with resistivity

1-10 Q-cm. The Si substrates had a miscut of 4 degrees along the (11 5) crystallographic direction. Annealing at
920°C (cooling rate of 0.02°C/second) with a direct current applied perpendicular to the step edges in the
ascending step direction leads to formation of regular step bunches of 140 (30 nm wide step-bunch + 110 nm
wide terraces). The Si templates were oxidized (about 120 nm oxide thickness) using a standard thermal
oxidation procedure carried out at 830°C for a duration of 15 hrs. A temperature lower than the (1x1) to (7x7)
reconstruction cross-over temperature was selected to preserve the step-bunches.

The growth of Fe-NWs was carried out at RT by depositing Fe (0.02-0.04 A/s) onto the oxidized templates at a
small angle (0.5-4°) using a multi-pocket e-beam evaporator (Telemark, USA) in a UHV chamber with a base
pressure of better than 5x10™'° Torr. The deposition flux was directed towards the uphill (ascending step) direction
at a deposition angle of 3° leading to formation of nanostripes covering the whole width of the step-bunched
facet. This method of producing planar NW arrays on step-bunched templates was termed ATLAS (atomic
terrace low angle shadowing) and its details are given elsewhere.[16] Two sets of Fe NW array samples used in
the present study were prepared on step-bunched vicinal Si templates; for topographical investigations we
prepared Fe-NW arrays without cap layer, whereas for magnetization and transmission electron microscopy
(TEM) studies, the arrays were protected with a 5 nm MgO cap layer. The templates produced under identical
conditions were used for preparing the two sets of NW arrays. The average step-terrace periodicity obtained on
these templates was reproducible to a large extent (up to 80%), as determined from the statistics obtained from

large area atomic force microscopy scans taken at several locations of the template surfaces.



The surface topographic studies on the templates and uncapped Fe-NW arrays were performed using an atomic
force microscope, (AFM, Solver Pro, NT MDT ) and scanning electron microscope (SEM, Zeiss Ultra). For
structural and interface studies a high resolution transmission electron microscope (HRTEM, FEI Tecnai F30
operated at 300 kV) was used. Sample cross-sections for HRTEM observation were prepared using focused ion
beam (FIB) on a Helios Nanolab microscope. To examine the magnetic properties we used a vibrating sample
magnetometer (Quantum Design- Physical Property Measurements System) with a sensitivity of 5x10~’ emu. The
diamagnetic contribution from the substrate was removed from the measured data by subtracting magnetization
data of a substrate of similar dimensions. Element specific x-ray absorption (XAS) and x-ray magnetic circular
dichroism (XMCD) experiments were carried out in total electron yield (TEY) mode at the ESRF’s IDO0S

beamline.

3. RESULTS AND DISCUSSIONS

Prior to discussing the magnetization properties we present morphological and structural characterization results
obtained on the Fe-NW arrays. Representative AFM images of a 140 nm periodicity templates and a 3 nm thick
Fe- NW array grown at RT with a deposition angle of 3 degrees on oxidized step-bunched Si (111) template of
140 nm periodicity are shown in Figure 1 . One notices that the templates are highly periodic and the Fe NWs
formed on these step-bunched templates are quite regular with wires remaining straight up to 1 um in length for
majority of the NWs, leading to a large length/width (aspect) ratio. The NW thickness was determined from the
analysis of the height profiles of AFM images along the miscut direction (Fig.1c). Considering the self-assembly
nature of the process, we observed also small statistical variations in step height and occasional presence of
crossing and merging steps that can induce variations in height and width of the wires. In a previous
communication, we demonstrated that using the ATLAS method one can tailor the wire width using appropriate
deposition angle and template periodicity. [16] A cross-sectional TEM image of a Fe-NW array (5 nm thick, on a
template with 110 nm average periodicity) grown under similar deposition condition but with deposition flux
directed towards the descending step (downhill) direction is shown in Figure 2. The width of the NWs varies
between 90-120 nm in this particular sample, which is related to the statistical fluctuations in the periodicity of

the self-assembled template. From the TEM analysis we infer that the F'e-NWs possess polycrystalline nature and
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its crystal structure is bce (Fig.2(b-d)). In some areas of Fe-NWs in the vicinity of MgO cap layer and oxidized Si
substrate (Fig. 2c,e), we find that the crystal structure is fcc and resembles the FeO structure. Our observation is
in line with the crystal structure and symmetry reported for the interfaces Fe form with oxides [19]. It is also
known that the epitaxial strain induced by the interfaces could stabilize the metastable fcc-Fe phase [20] which
remains stable up to a few monolayers of Fe (typically 3-6 ML of Fe). However, we could not identify any

regions with fcc-Fe structure in the Fe-NW arrays used in the present study.

Figure 3 shows the x-ray absorption spectra of a Fe-NW array (2.4 nm thick, 40 nm wide on 110 nm periodic
template) after removal of the MgO cap layer using Ar ion etching. The spectra are taken at the L,z edges of Fe in
the TEY mode using negative and positive circularly polarized light with 99+1% polarization. A magnetic field
(B) of 5 T was applied parallel to the x-ray polarization direction to fully saturate the sample magnetization (M)
along the x-ray beam direction. The XAS spectra were normalized to the incident photon flux. XMCD spectra
were obtained by switching either the x-ray polarization or M. Here, u" (u) refers to the absorption coefficient for
the photon helicity parallel (antiparallel) to the Fe 3d majority spin direction. The XAS lineshape is typical of Fe
metal and shows signs of oxidation (as seen in the shoulder at 1.1 eV above the Fe L; edge peak at 708.36 eV)
owing to the presence of an oxidized interface with the cap layer of MgO, in agreement with the TEM data. The
magnitude of the XMCD signal, (i -n"), compared to the average XAS, (i1 + u")/2, confirms the presence of a
sizeable magnetic moment. We perform sum rule analysis of the observed XAS spectra to extract the spin and
orbital magnetic moments per Fe atom. [21, 22] We estimate that the average spin magnetic moment (ms) of the
Fe nanowires amount to 0.98(1.04) pg/atom at 300 K(10K). Whereas value of the orbital magnetic moment (m,)
is 0.052 (0.071) pg/atom at 300 K(10K). In this analysis we assume a negligible contribution of spin dipole
moment (my) based on the fact that its magnitude is quenched due to crystal field and hybridization effects in
Fe.[21] Much reduced values of effective spin moment as compared to those reported for bulk bcc-Fe are related
to the presence of oxidized interface of Fe with cap layer (MgO) and substrate(SiO,).[23] Note that due to the
relatively large thickness of the wires, dimensionality effects that are known to enhance ms and m in ultrathin

atomic chains [8] do not play a major role here.

To understand the role of various anisotropies influencing the magnetic properties of the NW arrays, we

performed temperature dependent (300 K-10 K) magnetization studies on Fe- NW arrays with 30 nm average
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width, 140 nm periodicity, and capped with 5 nm MgO. The Fe wires have thickness of 3, 4.5 and 6.1 nm and 9
nm, hereafter referred to as Sample 1, 2, 3, and 4, respectively. For these NW arrays used for magnetization
studies we select an inter-wire separation (s) to wire width (w) ratio greater than three. The choice of this s/w ratio
is linked to the fact that for this ratio, effect of the inter-wire magnetostatic interactions would be negligible and
NW within the arrays could be considered as non-interacting [24]. The magnetization hysteresis (M-H) loops of
all the Fe-NW arrays measured at 300 K with an in-plane applied field directed either along (H;) or across (H,)
the wires (step-edges) are shown in Figure 4. The values of Hg (Hc,) are found to be 90 (55), 260 (80), 977
(147), and 700 (180) Oe for Samples 1, 2, 3, and 4 respectively. For all the samples an easier approach towards
magnetic saturation is noticed for H; as compared to H,, suggesting that the magnetic easy axis is along the wire
length. The out of plane M-H loops (not shown) measured at 300 K were found to exhibit a hard axis behavior
ruling out the presence of spin-reorientation transition. From the analysis of magnetization data, we infer that the
value of coercivity, Hc, is thickness dependent. Hc is found to increase with the wire thickness up to 6.1 nm
(Sample 1-3), whereas for Sample 4 we notice a reduction in Hc. Another point to notice is that Hc of all the
samples is enhanced compared to Hc (Hc values was found to be 20 and 40 Oe for 3 and 5 nm thick Fe films
respectively) of the Fe film of similar thickness grown on a flat Si (111) substrate under normal deposition
conditions. The observation of a reduced Hc for Sample 4 is in line with the general expectation of enhanced
magnetostatic interactions among the wires due to increase in the strength of dipolar fields with increasing
thickness. We would like topoint out that the MgO cap layer is required to prevent oxidation and degradation of
the Fe-NW surfaces from exposure to air. The MgO cap layers used to protect the Fe-NWs are found to form an
interface oxide layer (~ 1nm) with the Fe-NWs (as evident from the XAS sepectra (Fig.3)), taken this into
account there was no noticeable change in magnetization of the Fe-NW array. Moreover, the Fe-MgO interface is
known to be chemically stable with a few monolayers of the Fe transformed into Fe-O [25]. However, long term

aging in our case reduces the magnetization of the NWs by 10-15% in about 8-12 week after deposition.

From the temperature dependent (300 -10 K) magnetization studies we find that the magnitude of Hc and Mg
for all the samples increases with the decreasing temperature (results are summarized in Table-I). The increase in
magnitude of Hc is more noticeable for the thinner sample (for Sample 1, its magnitude changes from 90 Oe to

628 Oe when cooled from 300 K to 10 K). This points to important role of thermal fluctuations in determining
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the magnetization behavior of these NW arrays. Relatively much smaller enhancement in Hc was observed for the
thicker sample (for Sample 3, Hc) increases from 977 Oe to 1380 Oe) when cooled from 300 K to 10 K. For all
the samples only a marginal increase (~5-10%) in the magnitude of the saturation magnetization (M) was
observed with a decrease in temperature from 300 K to 10 K, suggesting that the Curie temperature of the NWSs is
well-above 300 K. Observed changes in the Ms are consistent with the modifications observed with XMCD
measurements. From the magnetization results of the NW arrays, we infer that the shape anisotropy contribution
to the effective anisotropy is the dominant one. Due to the polycrystalline nature of the nanowires, contribution
from the magnetocrystalline and magneto-elastic anisotropies to the effective magnetic anisotropy is expected to
be negligible This shape related uniaxial anisotropy is preserved at low temperatures (down to 10 K). We also
find that for all samples the Hcy > Hc,, which is in agreement with the shape anisotropy origin of the enhanced
Hc as discussed qualitatively within the Stoner-Wohlfarth model.[6]

For large aspect ratio wires (as is our case) one would expect that the hysteresis loop (HL) along the wire
would be perfectly square with 100% remnance (Mg) . In our case the HL are not square and My is also much
smaller than 100%. Further, Hc is one order of magnitude smaller than the anisotropy field Hy\=21ntM =11 kOe
which suggests that one requires a deeper understanding of the magnetization reversal mechanism of the NW
arrays. To understand the above results, we consider the sphere chain model [26] in which the NWs are
considered to be formed by a linear chain of non-interacting single domain particles whose magnetization state is
determined by the magnetostatic interaction between the spheres (exchange interactions are not taken into
account). The estimated value of H¢ using this simple model is 2.5 kOe, which is still a factor of 2 greater than
the observed Hc. According to this simple model, Hc should follow the temperature dependence of Ms.
However, this is not the case, as Mg changes only marginally within the whole temperature range whereas Hc
exhibits much greater changes with temperature. These results suggest that the changes in Hc could be attributed
not only to the modification of Mg with temperature, but also to thermal fluctuations. To investigate the effect of
thermal activation on the magnetization reversal mechanism, we consider the case where the magnetic anisotropy
is dominated by the shape-anisotropy contribution. In such a situation, the variation of Hc with temperature can

be written as[4, 27]
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where Hc(0) is the coercivity at 0 K, E, is the energy barrier for reversal related to the shape anisotropy, M(T)
and M(0) are the saturation magnetization at T and 0 K, respectively. The value of the exponent a is related to
the magnitude of anisotropy and distribution of the anisotropy axes relative to the applied field. Its value for the
curling mode and coherent rotation reversal mode are 3/2 and 2 respectively. We find that the magnitude of Hg
increases sharply for the thinner sample (Sample 1) as opposed to thicker sample (Sample 3) , as seen in Figure 5.
We further fit the He versus T data with equation 1 using o =3/2. The choice of a =3/2 which corresponds to the
curling mode reversal and related to the fact that the wire widths for our samples are above the predicted critical
width for coherent magnetization reversal in Fe[4] [~ 12 nm (d:=3.68 WA/zM?]). In our analysis, we neglect the
variation in Mg with T, as it remains nearly constant within the temperature range studied (5-12% increase with
temperature decreasing to 10 K). From fitting the experimental data with equation 1, we estimate the activation
energies (Eg) to be 1.2 and 5.5 eV for Samplel and Sample 3, respectively. From the values of Ey and Hcq
obtained by the fits, we can determine the activation volume (V*) involved in the magnetization reversal process
using the relation E,=usHc,Mg,V*. We find V* = 1780 and 3580 nm’ for Sample 1 and Sample 3, respectively.
Much smaller values of V* compared to the NW’s volume (please see Table II) indicate that the reversal is
localized within V* and the magnetization does not reverse coherently in the whole NW volume. The poly-
crystalline nature of the wires and surface related structural imperfections could produce localization of the
reversal modes. [28] From the above analysis, for thickber NW arrays we find a qualitative agreement with the
model (eq.1), while the situation for thinner wires (Sample 1) is more complex. The disagreement between of
model predictions for thinner samples could be understood from the fact that the small size nano-islands (average
~ 5-10 nm) that constitute the NWs are of size comparable to critical diameter for coherent reversal. This suggests
that the individual islands switch their magnetization via coherent rotation. However, the presence of
magnetostatic and exchange interactions among the crystal grains constituting the wires complicates the reversal

leading a stronger deviation from the predictions of equation 1.



4. CONCLUSIONS

In summary, we have shown through TEM and XAS studies that the planar NW arrays of Fe with 30 nm wire
width and varying thickness fabricated using ATLAS method on self-assembled templates possess bcc-Fe
structure and present oxidized interfaces with the substrate and cap layer. Bulk magnetometry and element-
selective XMCD techniques reveal that these NW arrays are ferromagnetic at RT and exhibit an in-plane
anisotropy with easy axis along the length of the wires. The magnetic properties of the Fe-NW arrays are
dominated by their shape, which leads to an enhanced H¢ and longitudinal easy axis in the whole temperature
range between 10 K and 300 K. Our analysis suggest that the magnetization reverse with curling mode for thick
nanowire (t > 4.5 nm), whereas for smaller thickness NWs reversal is influenced by the inherent morphology and

surface imperfections, leading to a complex reversal behavior that is neither coherent nor curling.
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Table I NW thickness (t), coercivity (Hc), and remnant magnetization (Mg) values measured at 300

and 10 K for all the samples with the magnetic field applied in-plane along(H;) and across(H,) the

NWs.
Hc (Oe) MR (%)
Sample t(nm)
300 K 10K 300 K 10K
Sample 1 3 90 55 628 252 17 75 43 28
Sample 2 45 260 80 614 300 30 9.2 465 27
Sample 3 6.1 977 147 1380 360 81 95 79.6 26
Sample 4 9.0 700 180 1012 290 59 11 67 20
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Table Il Summary of the parameters derived from the fitting of Hc versus T dependence using

equation 1.
Sample Hc(0) (Oe) E, (eV) V* (nm®)
Sample 1 646 1.216 1780
Sample 2 600 2.12 3230
Sample 3 1417 5.56 3582
Sample 4 1038 5.05 4438
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FIGURE CAPTIONS

Figure 1 (a) AFM phase image of a step-bunched Si (111) template with step-terrace periodicity of 140 nm. (b)
AFM height image of a Fe NW arrays grown using the ATLAS method at 300 K on oxidized step-bunched
silicon templates with an average periodicity of 140 nm. The Fe-flux is directed towards the ascending step
direction (left to right direction in the images) at a deposition angle of 3°. (C) A height profile corresponding
to the dashed line marked on the Fig. 1(b) is shown in Fig. 1(c). Labels BT, NW, SB and hyw in Fig.

1(c) denote bare terrace, nanowire, step bunch and NW height respectively.

Figure 2. (a) Cross-sectional TEM image of a Snm thick Fe-NW array on a 110 nm average periodicity oxidized
Si template. (b) High-resolution image showing the lattice of a Fe-NW crystallite with bcc structure. (c) A region
of the Fe-NWs in the vicinity of SiO2 possessing fcc-structure which fits well with fcc-structure of Fe-O
(Wustite). (d) Fast Fourier Transform (FFT) of the region shown in image (b) showing the Fe bcc-crystal
structure projected on its [001] zone axis. (e) Fast Fourier Transform (FFT) of the region shown in image (d)

showing the fcc-crystal structure of Fe-O projected on its [011] zone axis.

Figure 3: (Color online) X-ray absorption spectra taken at the Fe L;, edge for an array of NWs with average
width 40 nm grown on an oxidized silicon template with 110 nm periodicity. The spectra were recorded at 300 K
with x-rays incident parallel to the surface normal for magnetization parallel and antiparallel to the x-ray helicity

(black and red curves). The corresponding XMCD (p'- u') signal is shown in the lower panel.

Figure 4 (Color online) Magnetization hysteresis loops measured at 300 K with an in-plane magnetic
field directed either along (H;) or across (H,) the length of the NWs for (a) Sample 1, (b) Sample 2, (c)

Sample 3, and (d) Sample 4.

Figure 5 (Color online) Variation of Hc as a function of temperature measured with the in-plane field
applied along (H;) the wires for all the samples. Also shown in the figure are the fitted curves using

equation 1 with a = 0.66.
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