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ABSTRACT

Vertically aligned magnetic nanostructures embedded in oxide matrices are an attractive framework for
exploring anisotropic properties with potential applications in devices such as magnetic tunnel junc-
tions. Magnetic response can easily be tuned through the growth of self-assembled ferromagnetic
nanostructures in oxide-metal nanocomposite thin films. Here, oxide-metal (LagsSrosFeOs);-x:Fex
(LSFO1.x:Fex) nanocomposite thin films with various molar concentrations of Fe (x = 0.3, 0.4, 0.5) are
grown by pulsed laser deposition under reducing conditions. The morphology and magnetic properties
of Fe nanostructures are investigated to demonstrate tailorable magnetic anisotropic properties.
Increasing the concentration of Fe in the nanocomposites has been found to reduce the aspect ratio of Fe
nanostructures thus leading to a lower magnetic anisotropy. In addition, LSFOq7:Feg3 thin films are
successfully integrated on silicon substrates, which is a critical step toward realizing the proposed device
applications. This study demonstrates oxide-metal LSFO1_x:Fex nanocomposites as a unique platform for
tailoring magnetic properties and future integration of magnetic nanostructures with tunable magnetic
anisotropy for device applications.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Anisotropic magnetic materials are widely studied for new-
generation spin-dependent devices that couple electron spin,
charge, and magnetic moments [1—3]. Spintronic devices such as
magnetic tunnel junctions (MT]s) present great promises owing to
their large device densities, low power consumption, and high
thermal stability [4,5]. These qualities make MT]Js compelling can-
didates for use in magnetic memory storage [6—8] and sensors
[9—11]. Magnetic anisotropy in these devices is critical for switch-
ing the ferromagnetic layers to create low- and high-resistance
states. Many efforts have focused on tuning magnetic anisotropy in
thin films, typically by the incorporation of seed layers [12], buffer
layers [13], or cap layers [14,15].

Compared with the layered approaches, vertically aligned
nanocomposites (VANs) offer a simple and attractive approach for
tuning magnetic anisotropy, since two-phase materials (e.g.,
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ferromagnetic pillars embedded in a non-ferromagnetic matrix)
can be self-assembled in one step. Moreover, VANs have previously
shown great capabilities in tuning physical properties such as
electrical, optical, and magnetic properties [16—23]. Recently, two-
phase VAN systems have been extended from mostly oxide-oxide
systems to oxide-metal systems and thus provide much broader
material selections for ferromagnetic pillars in the VAN framework.
Epitaxial Au [19,24—27], Ni [28,29], and Fe [30—33] nanoparticles
and nanopillars in ceramic matrices grown by pulsed laser depo-
sition (PLD) exhibit unique magnetic and optical properties
compared with oxide-oxide systems. For example, Huang et al. [29]
reported self-assembled Ni nanopillars in a CeO, matrix, high-
lighting magnetic anisotropy for effective magnetic flux pinning
centers when integrated on high temperature superconducting
YBayCu30q.x films. Lag5SrgsFeOs:Fe (LSFO:Fe) is one such oxide-
metal VAN which consists of self-assembled o-Fe nanowires by
the decomposition of LagsSrgsFeOs; into LaSrFeO4 and Fe under
reducing conditions [30]. Despite its simple processing method,
strong magnetic properties, and promising applications, few
studies followed the seminal report. Aside from varying deposition
parameters such as laser energy and frequency [31], there have
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been limited efforts to find the optimal target composition [34]
required for the decomposition of Lag 5Srg 5sFeOs into Fe.

In this work, the effects of Fe concentration on the growth
morphologies (e.g., Fe nanopillar diameters and aspect ratios) and
magnetic properties of LSFO1_x:Fey (molar ratio x = 0.3, 0.4, and 0.5)
thin films are explored. The LSFO1.x:Fey films with various con-
centrations of Fe are achieved by adjusting the composition in the
composite (Lag 551 5Fe03)1.y:(Fe;03)y targets (y = 0, 0.06, and 0.12).
As shown in the schematics in Fig. 1, the concentration and mor-
phologies of Fe nanostructures are expected to vary with the
amount of excess Fe, and thus the magnetic properties such as
saturation magnetization and magnetic anisotropy will be tuned.
Besides the single crystalline SrTiO3 (STO) substrates, the integra-
tion of the LSFOq7:Feps thin films on silicon substrates is also
demonstrated as a path toward future practical spintronic devices
with Fe-based magnetic nanostructures.

2. Experimental

A pure LagsSrgsFeOs and two composite targets ((LagsSros.
FeOs);.y:(Fe203)y) were prepared using a conventional ceramic
sintering method. The two composite targets were made with
6 mol% (y = 0.06) and 12 mol% (y = 0.12) excess Fe,03, compared
with the pure Lag5Srg5FeOs target. Epitaxial films were grown on
single crystal STO (001) substrates by PLD (KrF excimer laser,
A = 248 nm) with a laser fluence of 1.9 J/cm? and laser frequency of
2 Hz, at a growth temperature of 750 °C and under high vacuum. A
general overview of the processing method (targets and thin films)
is presented in Fig. 1. After deposition, the samples were cooled to
room temperature under high vacuum. The films integrated on
silicon were grown with the pure Lag5SrgsFeOs target on STO/TIN
buffered silicon substrates using the same deposition parameters.
Film thicknesses were Kkept around 100—120 nm. The film
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morphology was studied using transmission electron microscopy
(TEM) and scanning TEM (STEM) with energy-dispersive X-ray
spectroscopy (EDS) (FEI TALOS T200X). The detailed TEM and STEM
image analyses were also used to calculate the Fe volume densities
which were then converted to the atomic ratio of the films. Phase
identification and epitaxial quality of the films was characterized
by X-ray diffraction (XRD) (PANalytical Empyrean). Magnetic
property measurements were performed at 300 K using vibrational
sample magnetometry and a superconducting quantum interfer-
ence device (Quantum Design MPMS 3). A maximum magnetic field
of 5000 Oe was applied perpendicular and parallel to the film plane
for out-of-plane and in-plane measurements, respectively.

3. Results and discussion

A set of plan-view and cross-sectional TEM images, shown in
Fig. 2, were collected for the LSFOq g:Fep 4 thin film sample depos-
ited using the 6 mol% Fe-doped composite target. The results
confirm the presence of dark-contrast Fe nanostructures within the
bright-contrast LSFO matrix. A low-magnification plan-view image
in Fig. 2a shows a distribution of Fe nanoinclusions throughout the
view area. Furthermore, the Fe particles have diameters averaged
around 8 nm. In Fig. 2b, the high-magnification plan-view TEM
image of one representative Fe nanoinclusion reveals a distinct
interface between the nanoinclusion and the matrix. Fast-Fourier
transform analysis of a region inside the nanoinclusion, shown in
Fig. S1, indicates an average d-spacing of 1.98 A, which is similar to
the theoretical value of 2.03 A for the (110) interplanar spacing of a-
Fe. This analysis confirms the presence of Fe (110) nanoinclusions,
as reported in previous LSFO-Fe studies [30,31]. The separation of
the pure Fe phase from the LSFO matrix indicates at least partial
decomposition of the Lags5SrgsFeOs precursor, in accordance with
the reaction 2Lag 5SrgsFeO3 — LaSrFeQ4 + Fe + O, [30]. To explore

LSFO+Fe
mixed powders

LSFO

LSFO,_:Fe, thin films

Fig. 1. General overview of the target preparation and subsequent laser ablation to produce LSFO;_:Fe vertically aligned nanocomposite thin films. Representative morphologies of

the thin films grown with various amounts of Fe are illustrated in the bottom schematics.
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Fig. 2. TEM images of the LSFOq g:Feg 4 film grown on STO (001) substrate, with outlined Fe nanostructures. Plan-view (a) low-magnification and (b) high-resolution TEM images
along with the cross-sectional (c) low-magnification and (d) high-resolution images clearly indicate the Fe nanopillar structures. STO, SrTiO3; TEM, transmission electron

microscopy.

the 3D nature of the Fe nanoinclusions, a cross-sectional TEM study
was conducted and the results are shown in Fig. 2c, d. The low-
magnification TEM image in Fig. 2c demonstrates the vertical
growth of Fe nanopillars with darker contrast within the LSFO
matrix with lighter contrast. The nanopillar structures vary slightly
in height and do not propagate throughout the entire film thick-
ness. A high-resolution TEM image in Fig. 2d highlights the
epitaxial quality of the Fe nanopillar with a diameter of 8 nm, which
is consistent with the plan-view image.

The morphology of the LSFO;.x:Fex samples was further
explored using STEM coupled with EDS elemental mapping.
Elemental maps of Fe and La are shown in Fig. 3, with the top,
middle, and bottom rows corresponding to the samples with Fe
proportions of x = 0.3, 0.4, and 0.5, respectively. Fe-rich regions in
Fig. 3a—c correspond well with La-deficient regions in Fig. 3d—f,
providing additional evidence for the separation of the two phases.
A thin seed layer of Fe particles can also be seen at the film-
substrate interface of all three samples. This layer is formed dur-
ing the initial stages of deposition, when the surface energy effects
are primarily along the lateral (film-substrate) direction. As a result,
the Fe particles initially nucleate as nanoparticles rather than pillar-
like structures. However, as the deposition continues and the film
becomes thicker, the Fe nanoinclusions are able to relax their strain
along the vertical direction, leading to the formation of nanopillars.
This phenomenon of the interfacial metallic seed layer has also
been observed in other oxide-metal VAN systems [27]. Pillar sizes
were quantified to determine the average diameters and relative

height distributions for each of the compositions. The diameter of
Fe nanostructures remains constant at around 8 nm for all three
films, which is in agreement with the previously acquired TEM
images. The height of the nanopillars, however, tends to decrease
with increasing Fe concentration. A possible explanation for this
phenomenon is that at higher Fe concentrations, Fe species seek to
minimize surface energy, resulting in shorter nanorods. As a result,
the number of Fe inclusions increases due to higher doping con-
centration and shorter nanorods. These trends are made apparent
in Fig. 3g—i, which depict the histograms of Fe nanostructure di-
ameters and heights for each of the film compositions. Interest-
ingly, the diameters of the Fe inclusions remain independent of the
Fe concentration, possibly because of the strain constraint along the
lateral direction from the LSFO matrix. Based on the plan-view and
cross-sectional TEM/STEM/EDS images of all three samples, the
volume fraction of Fe in the oxide matrix was estimated and from
this the molar ratios of the LSFO;_x:Fey films were calculated. A
summary of these values is presented in Table 1. Overall, with
increasing Fe concentration, a shift from longer nanopillars to
shorter nanorods is evident, and the number of Fe inclusions also
increases.

XRD 0-26 patterns, shown in Fig. 4, were collected to confirm the
phases and crystallinity of the LSFO_4:Fey thin films grown on STO
(001) substrates. In Fig. 4a, LSFO (00I) diffraction peaks are visible,
suggesting partial decomposition and highly textured growth on
the STO (001) substrates. Fig. 4b is an enlarged view between 40°
and 50° to discern the LaSrFeO4 (006), Fe (110), LSFO (002), and STO
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Fig. 3. Microstructure study of LSFO;_x:Fex films grown with increasing (top to bottom) amounts of Fe. Cross-sectional EDS elemental maps of (a—c) Fe and (d—f) La, confirming Fe
nanostructures within the LSFO matrix. (g—i) Diameter and height distributions of Fe nanostructures and inset cartoons recreating observed results. EDS, energy-dispersive X-ray

spectroscopy.

Table 1
Summary of target compositions, volume fractions of Fe estimated from TEM/STEM/
EDS analyses, and calculated molar ratios of the LSFO;_:Fey thin films.

Target composition Volume fraction of Fe Film molar ratio

Lag5SrosFe03 0.15
(Lag5Sr0.5Fe03)0.94:(Fe203)0.06 0.20
(Lag5Sro.5Fe03)o.ss:(Fe203)o.12 0.30

LSFO¢.7:Feg 3
LSFOO'BZ FEOA
LSF00_5 . F60_5

TEM, transmission electron microscopy; STEM, scanning TEM; EDS, energy-
dispersive X-ray spectroscopy.

(002) diffraction peaks. The coexistence of LSFO and LaSrFeOy4
peaks indicates the decomposition of LSFO into LaSrFeO4 and Fe,
with LSFO remaining as the major oxide phase. Although the
LaSrFeO4 (006) peak positions remain relatively constant around
42.59°, it is worthwhile to note that the other two peak shifts in this
range. The Fe (110) diffraction peak shifts to the right, going from
44.6° to 45.25° with increasing Fe doping concentration. On the
other hand, the LSFO (002) peak shifts to the left from 45.95° to
45.25° for increasing Fe concentrations, ultimately overlapping
with that of Fe (110). These peak shifts can be explained in terms of
the strain coupling between the phases. As more Fe is added to the
system, the interface density of Fe nanostructures increases and the
strain coupling between Fe and LSFO matrix become more obvious.

For example, the 20 peak of Fe (110) in the LSFOg7:Feg3 sample
matches well with the bulk value of 44.673°, indicating a strain of
only —0.153%. When the Fe concentration is increased, the strain
increases up to 1.23% (for the LSFOq5:Fegs sample). Observations
made from XRD measurements couple well with the EDS results
described previously, i.e., as the Fe doping concentration increases,
the amount of Fe nanostructures in the films increases, and the
relative Fe (110) diffraction peak intensity also increases.

To further investigate the relationship between film composi-
tion, morphology, and magnetic properties, the magnetization, M,
of the LSFO1_x:Fex films as a function of applied magnetic field, H,
was measured at room temperature. Magnetic anisotropy was
determined by applying a magnetic field parallel (in-plane) and
perpendicular (out-of-plane) to the surface of the film. M-H hys-
teresis loops presented in Fig. 5a—b demonstrate obvious ferro-
magnetic behavior for both orientations. These figures show that
the magnetic moment saturation, Ms, of the various films increases
with increasing Fe doping concentration for both in-plane and out-
of-plane orientations. This can be attributed to the fact that there is
a higher concentration of ferromagnetic particles (e.g. Fe nano-
inclusions) in the films doped with more Fe, leading to higher
magnetization. Furthermore, the Ms values for the LSFO1_x:Feyx films
measured in the out-of-plane orientation are higher than those
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magnetization (Msy, Ms.) and magnetic coercivity (Hcy, He,) for perpendicular and parallel applied magnetic fields at excess concentrations of Fe. (d) Ratios of out-of-plane to in-
plane magnetic saturation and coercivity as a function of Fe nanostructure aspect ratio.

measured in the in-plane orientation. This is especially remarkable
since the easy axis for Fe is along the in-plane [100] direction,
suggesting that the vertical alignment of Fe nanostructures plays a
significant role in the magnetic anisotropy. Indeed, the magnetic
anisotropy originates from the shape anisotropy of the nano-
structured Fe pillars, which have an average aspect ratio (height/
diameter) greater than one. These nanopillars are formed by a
decomposition process, resulting in columnar Fe domains with a
preferred out-of-plane growth orientation. Because of this unique
morphology, a stronger out-of-plane magnetization is observed.
The out-of-plane magnetization also shows a dramatic decrease
in magnetic coercivity, Hc, with increasing Fe concentration, while
the in-plane Hc¢ values remains relatively constant. A decrease in H¢
for the out-of-plane orientation can be attributed to shorter Fe

nanostructures, whereas the in-plane H¢ values are invariant
because the nanostructure diameters remain fairly constant. A
summary of these trends is shown in Fig. 5c, which are consistent
with previous studies on the size of Fe particles in oxide matrices
[35,36]. Using the dimensions of the Fe nanostructures in the
LSFOq.x:Fex thin films, the aspect ratios were calculated and the
variation in magnetic anisotropy as a function of the aspect ratio is
plotted in Fig. 5d. The anisotropic ratios (out-of-plane/in-plane) of
the magnetic saturation and the coercivity are both found to in-
crease with increasing Fe nanostructure aspect ratio. Specifically,
the ratio of the out-of-plane to in-plane magnetic moment satu-
ration increases from 1.17 (for the LSFOq 5:Feg 5 film) to 1.42 (for the
LSFOq.7:Fep s film). Moreover, the magnetic coercivity ratio in-
creases from 1.50 (LSFOg7:Feps) to 11.61 (LSFOgs:Feps). The
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pronounced change in the coercivity ratio compared to the mag-
netic saturation ratio could be due to the relationship between
coercivity and particle size, as described in a previous study [36].
Overall, the correlation between the shape anisotropy of the Fe
nanostructures and the anisotropic magnetic properties is a good
indicator of tailorable anisotropic magnetic properties which can
be controlled by Fe doping concentration.

Because of its superior magnetic anisotropy and potential for
future magnetic components in devices, the LSFOgq7:Fegs system
was integrated on silicon substrates. To achieve this, a STO/TiN
bilayer buffer — which was previously demonstrated for success-
fully integrating oxide-oxide [17,37] and even oxide-metal [27]
VANSs on silicon substrates — was first deposited on Si (001) sub-
strates. A 3D schematic of the substrate, buffer layer stack, and
LSFOq.7:Fep 3 system with Fe nanopillars embedded in the LSFO
matrix is shown in Fig. 6a. TiN was selected as a buffer layer ma-
terial owing to its thermal stability and mechanical integrity.
Despite its large lattice mismatch with Si (friy on si = 24%), TiN is
capable of cube-on-cube growth on Si (001) through domain
matching epitaxy, where four of TiN match well with three of Si
[38], as illustrated in Fig. 6b. STO was introduced as an additional
buffer layer to further facilitate the growth of the LSFO matrix, since
its lattice parameter (aspo= 3.905 A) is close to that of LSFO (a;sro=
3.88 A). The nanostructure of the LSFOq7:Fep3 film grown on Si
(001) was observed from an EDS elemental map, shown in Fig. 6c.
Based on their corresponding elements, the TiN and STO buffer
layers are clearly visible and well separated, with approximate
thicknesses of 10 nm and 30 nm, respectively. Moreover, the
morphology of the LSFOq7:Feg 3 film grown on silicon is similar to
that grown on STO substrates. Specifically, both samples show an

(a)

Intensity (a.u.)
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initial Fe seed layer followed by the growth of Fe nanopillars with
high anisotropy. Further characterization by XRD reveals the crys-
tallinity of the LSFQq7:Fegs film on the bilayer-buffered silicon
substrate. The 0-20 pattern shown in Fig. 6d reveals the LaSrFeOy4
(006) and LSFO (002) peaks, indicating the decomposition reaction
occurred to form the overall LSFOg 7:Feg 3 nanocomposite thin film.
Although Fe nanostructures are clearly present in the EDS
elemental map, the Fe (110) XRD peak is not visible, possibly due to
low intensity, or more likely because it is overlapped with the LSFO
(200) peak as was observed in the 6-20 pattern of the LSFOg 5:Feg 5
film grown on the STO substrate. The microstructural character-
ization by EDS and XRD unambiguously confirms the successful
growth of a LSFOg 7:Feg 3 thin film on a silicon substrate, and war-
rants further investigation of the magnetic properties.

The magnetization of the LSFOq7:Feg s film grown on Si (001)
was measured under the same conditions as the LSFO1_x:Fex films
grown on STO substrates. In-plane and out-of-plane magnetic
hysteresis loops obtained at room temperature are shown in Fig. 7.
The results clearly indicate ferromagnetic behavior with a stronger
response in the out-of-plane orientation, which is likely due to the
presence of anisotropic Fe nanostructures in the film. Interestingly,
the magnetic saturation for both orientations is comparable, if not
greater, for the LSFOg 7:Feg 3 film grown on silicon and that grown
on the STO substrate. Only the out-of-plane coercivity of the film
integrated on silicon is reduced compared with the film grown on
STO, which might be due to the height of the Fe nanopillars
exceeding the critical value at which coercivity is a maximum. Di-
mensions greater or less than this value result in decreased coer-
civity, as previously reported [36]. Overall, the magnetic anisotropy
achieved by the LSFOq 7:Feq 3 thin film on Si (001) is remarkable and
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Fig. 6. (a) Schematic illustration of the LSFOgq7:Feg3 thin film integrated on STO/TiN bilayer-buffered Si (001) with (b) the proposed matching relationship between the bilayer
buffer and silicon substrate. (c) EDS elemental map highlighting the presence of the buffer layers and Fe nanostructures within the LSFOgq 7:Feg 3 film. (d) XRD 0-26 pattern of the
LSFOy 7:Feg 3 film grown on the Si (001) substrate. STO, SrTiOs; EDS, energy-dispersive X-ray spectroscopy; XRD, X-ray diffraction.
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Fig. 7. (a) In-plane and (b) out-of-plane magnetic hysteresis loops of the LSFOq 7:Feq 3 thin film grown on a Si (001) substrate.

opens a new avenue for easy integration of magnetic oxide-metal
systems on silicon for MT]Js or other spintronic devices.

4. Conclusions

In summary, the effects of Fe doping concentration on the
morphology and magnetic properties of the LSFO;x:Fex nano-
composite films have been explored by varying the target compo-
sitions. By increasing excess Fe concentration, the morphology of
the Fe inclusions changed from nanopillars to nanorods and the
average aspect ratio of the nanoinclusions reduced from 5.24 to
2.90. As a result, the magnetic properties of LSFO1_x:Fex thin films
were altered. The magnetic anisotropy ratio reduced from 1.42 to
1.17 as Fe concentration increased. Furthermore, higher Fe con-
centrations created a greater number of Fe nanoinclusions which
also increased the saturation magnetization. In short, low Fe doping
resulted in samples with Fe nanopillars of high aspect ratio,
stronger magnetic anisotropy and coercivity, whereas higher
amounts of Fe doping led to samples with nanorods of low aspect
ratio and higher saturation magnetization. This work confirms the
tailorability of Fe nanostructures in LSFO1_x:Fey thin films and their
anisotropic magnetic properties. The integration of LSFOg 7:Feg 3 on
a silicon substrate opens up enormous possibilities for future de-
vice applications, such as MTJs and high density magnetic data
storage.
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