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Arrays of perpendicular ferromagnetic nanowires have recently attracted considerable interest for
their potential use in many areas of advanced nanotechnology. We report a simple approach to
create self-assembled nanowires of a-Fe through the decomposition of a suitably chosen
perovskite. We illustrate the principle behind this approach wusing the reaction
2Lay5S1ysFeO; — LaSrFeO, + Fe + 0, that occurs during the deposition of Lay Sy sFeO;
under reducing conditions. This leads to the spontaneous formation of an array of single-
crystalline o-Fe nanowires embedded in LaSrFeO, matrix, which grow perpendicular to the
substrate and span the entire film thickness. The diameter and spacing of the nanowires are
controlled directly by deposition temperature. The nanowires show uniaxial anisotropy normal to
the film plane and magnetization close to that of bulk a-Fe. The high magnetization and sizable
coercivity of the nanowires make them desirable for high-density data storage and other
magnetic-device applications.

Periodic arrays of perpendicular ferromagnetic nanowires have attracted significant attention
owing to their prospective application in a variety of nanotechnological devices, especially in
high-density recording media. An ideal recording medium in this regard consists of a densely
organized assembly of nanometre-scale ferromagnets with high magnetization and suitable
coercivity'. The formation of such a structure could either be process-directed or self-enabled.
Although the former is more definitive and controlled, the latter is more desirable and convenient
from the standpoint of ease of implementation, scaling up and cost-effectiveness. There are many
examples of process-directed perpendicular nanowires?, including those in which porous
aluminium oxide films are used as a template and ferromagnetic metals such as Fe, Co and Ni
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are electrodeposited into the pores of the film*”.However,much less effort has been put into the
self-assembly of perpendicular ferromagnetic nanowires.

We report a simple scheme to create a-Fe nanowires by spontaneous phase decomposition of
a suitably chosen parent compound, La,_,Sr,FeO5 perovskite, during thin-film growth under
specific conditions. La;_,Sr,FeO5 belongs to the family of mixed-valent transition metal oxide
perovskites®. The magnetic properties of such mixed-valent transition compounds are controlled
by the superexchange mechanism between the 3d orbitals of the transition metal ions and the p
orbitals of the oxygen ions®. Therefore, oxygen plays an important role in magnetic ordering of
these compounds.

A single-phase La,sSrysFeO5 target was used to grow thin films on single-crystalline
SrTiO5 (001) substrates by pulsed laser deposition (PLD).The films were deposited and cooled
in vacuum (5 <10 °torr) at various temperatures ranging from 560 to 840 <C (see Supplementary
Information for details of growth and characterization).The growth of epitaxial films of
multicomponent perovskites such as La, Sy sFeO5; by PLD is typically carried out under a
relatively high oxygen background pressure of 100-200 mtorr in order to obtain a single-phase
film®. Growth in 200 mtorr of 0, at a substrate temperature of 760 <C vyields single-phase
epitaxial films with the perovskite structure (see Supplementary Information, Fig. S1, blue
curve). X-ray diffraction (XRD) of the films grown in a vacuum environment (5 x 10° torr,
obtained on a Siemens D5000 four-circle diffractometer), however, displays peaks that cannot be
assigned to La, Sty sFeO5 (Fig. S1; green curve). Figure la shows a low-magnification plan-
view transmission electron microscope (TEM) image from a sample deposited at 760 <C under
vacuum. The image clearly demonstrates that La, < Sr, s FeOshas spontaneously decomposed into
a fairly uniformly distributed second phase embedded in a matrix. The corresponding electron
diffraction pattern from the sample (Fig. 1b) displays the epitaxial relationship between the
matrix and the second phase and also indicates that only two phases exist. A low-magnification
[001] dark-field TEM cross-section image (along the [100] zone axis) of the film is shown in
Fig.1c. It reveals that the second phase shown in Fig. 1a comprises nanowires with an average
diameter of 20 nm for the film grown at 760 <C. Analysis of the XRD peaks and electron
diffraction patterns yields the lattice parameters of the two phases as: nanowires a=b=c=0.2864
nm and matrix a=b=0.3873 nm, ¢ = 1.2776 nm (%0.0005 nm for all parameters).These lattice
parameters are assigned to a-Fe with a body-centred-cubic (b.c.c.) structure (a=0.287 nm), based
on the analysis below, and LaSrFe0, (a=b=0.388 nm, and c=1.276 nm; K, NiF, structure).The
latter is a known antiferromagnetic material with a Nél temperature of 380 K (ref.11).

Figure 2a shows a (001) high-resolution TEM cross-section image of a single nanowire
embedded in the matrix. Figure 2b is an enlargement of the region marked by the rectangle in
Fig. 2a. These images, together with the diffraction pattern shown in the inset of Fig. 2b,bring
out the single-crystal character of a typical nanowire all along its length and the epitaxy between
the matrix and nanowire both out-of-plane as well as in-plane.

The in-plane epitaxial relation of the two phases is obtained from plan-view electron
diffraction (Fig. 1b): [110]4—pe|I[100] 4srFe0, @and [100]4_pe|[[110],4srFe0, - The lattice
parameter of b.c.c. iron (a=0.2867 nm) and spinel Fe;0, (a=0.8397nm) are such that the lattice
spacings are dpe 110 ® dpe,0, 400 ANd dpe 200 ¥ dpe,0, 440 - Therefore, based on XRD and



electron diffraction patterns, it is also possible to interpret the second phase as Fe;0,. However,
nanoprobe energy-dispersive X-ray spectroscopy (EDXS) analysis of the nanowires indicates
that their main component is Fe with a small amount of oxygen, which could possibly arise due
to beam spreading. EDXS analysis also confirmed the composition of the LaSrFe0, matrix, and
reveals a La-to-Sr ratio close to 1, with a slight excess of La.

Conversion electron M&shauer spectroscopy (CEMS) was used to identify the second phase
precisely. Figure 3 shows the CEMS spectrum, recorded at room temperature, for the sample
grown at 760 <C. The spectrum can be fitted with aquadrupole split doublet (area=47%) and a
ferromagnetic sextet (area = 53%).The hyperfine parameters for the ferromagnetic sextet (isomer
shift=0.00mms %, internal magnetic field= 32.9tesla) match perfectly with those of ferromagnetic
a-Fe.

The paramagnetic doublet with quadrupole splitting of 1.40mms* and isomer shift of 0.36
mm s lis attributed to the matrix phase. A sextet in the M&ssbauer spectrum is expected for
antiferromagnetic LaSrFe0O,; however,the observation of a doublet indicates a paramagnetic
state of the matrix.It has been shown that a slight change in La:Sr stoichiometry alters the
magnetic and electronic properties of bulk LaSrFe0, (refs 12-14). In doped La,_,Sr FeO,, the
Neel temperature decreases with xand the oxide is paramagnetic at room temperature.lt is
believed that doping disturbs the antiferromagnetic ordering of iron spins without any observable
structural change. Similar behaviour is also observed in the (La,Sr),Cu0, and
(La, Sr),Ni0, systems™*°, The asymmetry of the doublet and the degree of asymmetry relate to
the specific angle between the electric field gradient and the gamma-ray beam, and is seen in
most crystalline samples. The doublet is symmetric in powder samples, polycrystalline or multi-
oriented domain systems. The epitaxy of the matrix phase in our case and the particular
measurement geometry is the cause of the specific degree of asymmetry.

Taking into account the density and molecular weights of iron and LaSrFe0, (ref. 11), we
can calculate the volume fraction of iron nanowires in the film from the areas of the M&sbauer
spectral components. The calculation using 53% area represented by the magnetically split sextet
shows that the iron nanowires comprise approximately 12% of the film volume. This value is in
agreement with the estimated volume fraction obtained from the plan-view TEM image in Fig.
la.Knowing the composition of the parent phase (La, STy sFe03) and assigning the matrix and
nanowire phases to LaSrFe0, and Fe, respectively,we can express the decomposition reaction
as:
2LaysSrysFeO; = LaSrFeO, + Fe + 0, Q)

Based on the crystal structure of the matrix and nanowires and using the above decomposition
equation, the volume fraction of a-Fe in the film is calculated to be 10.95%, which is in fair
agreement with the value calculated from both the Mdsbauer spectroscopy and the TEM
images. All the results suggest that the phase decomposition during deposition results in two
essentially pure phases. This phase-decomposition route is different from reported epitaxial
nanocomposites’’ %% in our method a single-phase target is used and because of phase
decomposition, the target phase is not one of the two phases present in the epitaxial
nanocomposite.



Figure 4a compares the room-temperature magnetization data of the films grown in vacuum
with those grown in 200 mtorr of oxygen at 760 <C. Although no net magnetic moment exists in
the film grown in oxygen (as expected for the antiferromagnetic La, Sty sFeO5 perovskite
phase),averystrong magnetic moment is observed forthe film grown in vacuum. The
magnetization value normalized to the average a-Fe volume fraction obtained from M&sbauer
spectra is about 1,600 e.m.u.cm 3, which is fairly close to the magnetization of bulk iron (1,700
e.m.u.cm ). The 6% difference could possibly be attributed to surface spins and/or the error in
the estimation of volume fraction used for normalization. In-plane and out-of-plane magnetic
measurements reveal a strong out-of-plane magnetic anisotropy, with the easy axis along the
long axis of the nanowires. A remanence of M,.= 0.95 M, (where M; is saturation magnetization)
and coercivity of 3,400 Oe is observed for the films containing nanowires with diameter d=20
nm and length 1=200 nm. An anisotropy field of ~10,000 Oe is obtained from the magnetization
measurements along the easy (out-of-plane) and the hard (in-plane) axes, as illustrated in Fig. 4a.
Calculation of shape anisotropy? for a thin cylinder with an observed aspect ratio of (I/d) = 10
using the measured value of M = 1,600 e.m.u.cm 2 yields an anisotropy field of Hgpape = 9,535
Oe, which is in good agreement with the experimental value obtained. Figure 4b shows the
dependence of the coercivity (obtained from out-of-plane hysteresis loops) on the aspect ratio for
the wires with average diameter of 20 nm. A gradual increase of the coercivity is observed with
increasing aspect ratio, but there is little change when I/d> 10.This is consistent with the result
observed for iron nanowires, which were electrodeposited in porous alumite films?*.

Plan-view TEM images of the samples deposited at different temperatures reveal two
interesting features of these nanostructures (see Supplementary Information, Fig. S2). As the
growth temperature decreases, the diameter of the epitaxial nanowires decreases from 40-50 nm
at 840 <C to 15-20 nm at 760 <C and finally to 4-6 nm at a deposition temperature of 560 <C.
The change in the diameter of the nanowires affects the characteristics of the corresponding
hysteresis loop and makes it possible to tailor their magnetic properties. As an example, the
variation of coercivity with respect to nanowire diameter (for a constant length) is shown in the
inset to Fig. 4b. It follows a trend similar to that observed in electrodeposited iron nanowires®.
The coercive field (H.) exhibits a non-monotonic behaviour, initially increasing with the
diameter up to a maximum value of ~3,400 Oe at dgyerqge =20nm,dropping gradually with
further increase in the diameter. A detailed analysis of the magnetic properties as a function of
the nanowire diameter will be published separately.

Simultaneously, the cross-sectional shape of the nanowires changes with growth temperature.
Plan-view high-resolution TEM images of individual nanowires in Fig. 5 show the changing
cross-sectional shape and reveal low-index-faceted interfaces. The change in the lateral shape
with decreasing temperature, from square (Fig. 5a) to octagonal cross-sections (Fig. 5b), and
further to circular structures (Fig. 5c¢), can be explained as a consequence of the temperature
dependence of the energy of the a-Fe/LaSrFe0, interface and the kinetics of its formation. At
low deposition temperatures, diffusion is inhibited and the interface assumes the geometrically
low-energy, circular shape. At higher temperatures, faceting will occur and the orientation of the
facets will be determined by the crystallographic dependence of the interfacial energy. If the
interfacial energy and its temperature dependence resemble that of the surface free-energy of
iron, the observed temperature sequence of the faceting can be understood as a consequence of a



minimization of the surface energy of the Fe nanowires. For b.c.c. structures such as a-Fe, the
closest-packed plane is (110).

The order of the surface free-energy for a-Fe (b.c.c.) is: Y(110) < Y(100) < Y(111) Th€ Y(110)
and y (10 surface energies are very close to each other”?". As the diameter of the nanowires
increases, the differences in surface energy between the crystallographic planes of Fe become
more significant. Thus, at intermediate growth temperatures, (110) and (100) facets become
equivalent in dimension, giving rise to the octagonal cross-section of the nanowires. At higher
temperatures, the (110) facets grow at the expense of the (100) facets, and square-shaped
nanowires are formed. It is noteworthy that in all cases, the nanowires are single crystals and are
hetero epitaxial with respect to the matrix as well as the substrate, clearly illustrating the
dominant role of the substrate in controlling the number of variants of the a-Fe second phase.

The dimensions of the nanostructure are strongly temperature dependent. At higher deposition
temperatures, a-Fe nanowires with larger lateral dimensions form. By reducing the temperature
of deposition, the size and spacing between the iron nanowires decrease. This strong temperature
dependence of the diameter of the nanowires, d, and their spacing, S, suggests a diffusion-
controlled growth. The temperature dependencies of d and S can be approximately fitted to an
Arrhenius-type plot yielding an activation energy of 1.2 eV for the reduction of La, sSry sFeO;
and formation of the a-Fe nanowires. As the total volume of the decomposition products is
constant at different temperatures of deposition, the fits conform to d/S ~ constant. However,
this ratio can be controlled through the amount of Fe that is available for the phase-
decomposition reaction. For example, targets enriched with Fe yield a higher fraction of Fe
nanowires.

The Arrhenius-type dependences of the dimensions of the epitaxial nanocomposite imply that
the decomposition takes place at the deposition temperature,T,;.The reaction occurs at a very fine
scale and creates interfaces of specific energy, y. It will therefore take place at a temperature that
is suppressed below the thermodynamic equilibrium temperature between the phases, T,. The

total interface energy can be approximated as adhy(é)z. Here, the quantity a is a geometrical

constant, and h and L? represent the nanowire height and the area of the film. This energy should
correspond to the thermal energy k(T, — T,). Because the ratio d/S is constant, it follows for
constant geometry that (T, — T;) «< S~1. A logarithmic plot A T = (T, — T;)versus S should
thus be approximately linear with a slope of —1. Figure 5d indicates that this is the case for T, ~
1,140 K (ref.28).

Our approach to create self-assembled perpendicular arrays of single-crystal ferromagnetic Fe
nanowires through the spontaneous phase-decomposition of a complex Fe oxide, can be expected
to yield epitaxial nanocomposites from other complex oxides as well. Our preliminary studies
have shown, for instance, that embedded cobalt nanowires can be grown by our process using a
La,_, St Co05 target. The remarkable feature of such nanostructures is the epitaxial orientation
relationship between both phases and the substrate. More significantly, they exhibit a mutual
heteroepitaxial relationship along the total length of the nanowire. Therefore, these
nanostructures are illustrations of three-dimensional heteroepitaxy. The high magnetization,
coupled with the controllable coercive field, makes these nanowire arrays desirable candidates
for probe-based data-storage systems. Introducing long-range, two-dimensional translational



order over macroscopic distances among the nanowires will undoubtedly be a key enabler in this
respect, and is an area that clearly warrants future exploration.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

TEM results of self-assembled nanostructures in LaysSrogFe05 thin
films.a,Plan-view TEM image from a film deposited in vacuum at T=760°C,
showing the decomposition of the perovskite target into a second phase
embedded in a matrix.b,Electron diffraction pattern illustrating the in-plane
heteroepitaxy between LaSrFeO, and a-Fe. c,[001] dark-field cross-section

image of a film showing a-Fe nanowires embedded in LaSrFeO,matrix.

High-resolution cross-section images of a single a-Fe nanowire. a, A single
nanowire embedded in LaSrFeO, matrix. b, An enlargement of the region
marked by the rectangle in a,which shows the single-crystalline nature of the
nanowires.The inset shows the diffraction pattern of the area in a indicating the

epitaxial relationship between a-Fe nanowires with the matrix.

Room-temperature °’Co CEMS of the film deposited in vacuum. Circles are
experimental points and the black solid line is the fit. The spectrum is composed
of a superposition of two sub-spectra: the sextet of ferromagnetic a-Fe (blue)

and the paramagnetic doublet of the non-stoichiometric LaSrFe0O, matrix

(green).

Room-temperature magnetic properties of a-Fe nanowires. a,Comparison of
the magnetization of an antiferromagnetic La,sSr,sFeO, epitaxial film grown
in 200 mtorr O, (black) and of a film grown in vacuum at T= 760°C.Out-of-
plane (blue) and in-plane (green) magnetic hysteresis loops correspond to a-Fe
nanowires and indicate strong anisotropy. b,Coercivity versus aspect ratio
(I/d)for the a-Fe nanowires with lateral dimension of d =20 nm.The inset shows
the coercivity versus diameter for the samples grown at different
temperatures.The error bars indicate 2% error,calculated by the standard

deviation of the mean.



Fig. 5

High-resolution plan-view TEM images of a-Fe nanowires showing the
shape and lateral size dependence of the nanowires to deposition
temperature. a, Square-shaped 40-50 nm nanowires are obtained at T= 840 °C.
b, Octagonal cross section with d= 15-20 nm form at T= 760 °C. c, Circular
nanowires form at T= 560 °C (d= 4-6 nm). d, Logarithmic plot of normalized
undercooling versus nanowire spacing for three different values of T,. The slope

of the straight line equals —1.
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