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ABSTRACT: Highly textured cobalt ferrite (CFO) thin films
were grown on Si (100) substrates using oblique-angle pulsed
laser deposition (@-PLD). X-ray diffraction and in-depth strain
analysis showed that the obliquely deposited CFO films had
both enhanced orientation in the (111) crystal direction as
well as tunable compressive strains as a function of the film
thicknesses, in contrast to the almost strain-free polycrystalline
CFO films grown using normal-incidence PLD under the same
conditions. Using in situ optical plume diagnostics the growth
parameters in the a-PLD process were optimized to achieve
smoother film surfaces with roughness values as low as 1-2
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nm as compared to the typical values of 10—12 nm in the normal-incidence PLD grown films. Cross-sectional high resolution
transmission electron microscope images revealed nanocolumnar growth of single-crystals of CFO along the (111)
crystallographic plane at the film—substrate interface. Magnetic measurements showed larger coercive fields (~10 times) with
similar saturation magnetization in the a-PLD-grown CFO thin films as compared to those deposited using normal-incidence
PLD. Such significantly enhanced magnetic coercivity observed in CFO thin films make them ideally suited for magnetic data
storage applications. A growth mechanism based on the atomic shadowing effect and strain compression—relaxation mechanism

was proposed for the obliquely grown CFO thin films.
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1. INTRODUCTION

Cobalt ferrite (CoFe,0, or CFO) thin films have been studied
extensively for their excellent magnetic properties such as high
coercivity, moderate saturation magnetization (M), large
magnetic anisotropy and magentostriction as well as their
remarkable chemical stability and mechanical hardness."?
These factors make CFO thin films attractive candidates for a
wide range of applications in high-density magnetic recording
media,3 magnetic tunnel junctions,4 magnetostrictive sensors,

and magneto-optic devices.® The unique magnetic properties of
CFO can be understood from its electronic and structural
configurations. CFO has an inverse spinel crystal structure with
a face-centered cubic unit cell, consisting of eight formula units
where the Co®* and Fe®" ions are located on the octahedral and
tetrahedral sites, respectively.' The eight Fe’" ions in
tetrahedral sites are aligned antiferromagnetically with respect
to the remaining eight Fe*" ions via superexchange interactions
mediated by oxygen ions. Thus, the uncompensated Co*" ions
that have three unpaired electrons in their d-orbitals would give
a theoretical M, value of 3 uz per Co*" site for CFO.?
However, in reality, it has been observed that extrinsic
conditions such as residual strains in CFO thin films, can
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cause canting of the Fe* magnetic moments from their
antiparallel configuration and consequently a change in the
cation distribution in the crystal. This can result in the
alteration of the effective magnetic moment in CFO systems
and their coercivity. In this regard, some groups have reported
on the tunable magnetic properties of CFO thin films by
controlling their microstructure, grain size, film thickness,
choice of substrate, and the lattice strains.””® Several thin film
deposition techniques such as molecular beam epitaxy (MBE),”
pulsed laser deposition (PLD),'® sputtering,'' ion-beam
deposition,'” and sol—gel processing'>'* have been used over
the years to prepare CFO thin films. Among them the pulsed
laser deposition (PLD) technique has been the most versatile in
terms of CFO thin film growth because of its relatively low
substrate temperature requirements'" as compared to the high
annealing temperatures in sol—gel processes'>'* and the
precise control of film crystallinity, whether polycrystalline16
or epitaxial,® and thickness” that otherwise affect the magnetic
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anisotropy'”'® and residual strain'® in CFO thin films. PLD
also offers inherent simplicity in terms of in situ growth of
multilayered thin films such as multiferroic heterostructures,
where CFO layers are grown in combination with perovskite
ferroelectric films.”® As with all processes, one of the limiting
factors of PLD has been the low coercivity observed in the as-
deposited CFO thin films owing to their relatively larger grain
sizes as compared to chemical techniques such as sol—gel
processing.”" Typically, PLD-grown CFO thin films require ex
situ post annealing procedures to enhance their coercivity
which is necessary for magnetic recording applications so that
stray magnetic fields cannot easily flip the moments and destroy
the stored information.”* For industrial applications, it is
desirable to grow CFO thin films with large coercivity on Si
substrates to easily incorporate with existing technologies.

In this work, we have used an oblique-angle PLD technique
to grow CFO thin films on Si substrates that exhibited superior
surface qualities and enhanced magnetic properties as
compared to films grown using normal-incidence PLD under
the same conditions. High remnant magnetization and coercive
fields observed in the obliquely grown CFO films make them
ideally suitable for magnetic storage applications. These
enhancements were attributed to the nanocolumnar interfaces
and the compressive strains developed in the films as a result of
oblique-angle deposition.

As opposed to a “normal” deposition where the angle
between the vapor flux of the deposited material and the
substrate is 90°, in “oblique” deposition the substrate is tilted so
that the angle of deposition becomes greater than 90° (oblique)
with respect to the target. Use of oblique-angle (or glancing)
deposition in thermal evaporation processes has been reported
earlier in the growth of “sculptured” thin films with three-
dimensional microstructures.”>** It has also been used in
sputtering processes for the growth of nanocolumnar single-
component films of metals like W,* Cu*® and Co” or
semiconductors like Si,® where the nanocolumn formations
were primarily attributed to the atomic shadowing effect.””*°
However, because of the low adatom diffusion in the process,
most of the obliquely deposited PLD films were amorphous
and hence, there are very few reports on the oblique-angle PLD
of crystalline multicomponent materials.>’ In fact, literature
search shows only two reports on the oblique-angle PLD of
multicomponent oxides. The first report was on the growth of
nanostructured YBa,Cu;O,, thin films using oblique-angle PLD
by Wang et al.>> More recently, Chen et al. have presented on
the growth of tilted nanocolumnar films of the magnetic oxide
La,,Sro;MnO; by oblique-angle PLD.>> These literature
reports indicate that oblique-angle deposition of multi-
component materials using PLD is complicated and requires
precise control and optimization of the deposition parameters.

Here we have shown that using in situ optical diagnostics
during film growth and through adjustments of the substrate tilt
angles, deposition parameters and film thicknesses it is possible
to control the crystal orientations, grain sizes, surface
roughnesses, and residual strains in CFO thin films and thus
achieve their enhanced and tunable magnetic properties. By
comparing the results with CFO thin films grown under the
same conditions using normal incidence PLD, we proposed a
novel growth mechanism for the oblique-incident CFO thin
films that could be extended to other material systems. Finally,
the strain compression—relaxation mechanism that has been
used to explain the tunable magnetic properties in CFO thin
films provides new insight into the structure—property
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relationships of this technologically important hard magnetic
material.

2. EXPERIMENTAL SECTION

CFO thin films were deposited on Si (100) substrates (with an
ultrathin native amorphous SiO, layer on top) using oblique-angle
pulsed laser deposition (a-PLD). A KrF excimer laser (Lambda
Physik, 4 = 248 nm) operating at 10 Hz was used to ablate a rotating
compressed powder target of CFO prepared by standard pressing-
sintering technique.”® The laser beam was focused on the polished
target surface with an angle of incidence of 45°, providing an energy
density (or fluence) of 2—6 J/cm? The substrate was tilted so that the
angle between the surface of the target and the surface normal of the
substrate was 120° (oblique-angle) (as shown in Figure 1). Several

Tilted
substrate

Laser beam

Counts

High

Figure 1. Time-integrated ICCD image of the total visible emission
from the laser-induced plumes during the oblique-angle (@) PLD of
CFO thin films. The position of the CFO target, the laser beam and
the 120°-tilted substrate have been schematically drawn to-scale to
show their real positions in space with respect to the plasma plume
(see scale bar in figure).

steps were taken to minimize the thickness variations in the deposited
films. First, the laser beam was focused onto a relatively large
rectangular laser-spot-size of 2 mm X 3 mm on the target surface to
enlarge the ablation volume;>* second, the tarsget-wobbling technique
was employed with a wobble angle of 2—3°, and finally, only small
area substrates (1 cm X 1 cm) were used which were precisely placed
such that the center of the ablated plumes aligned with the center of
the substrates. Prior to depositions, the chamber was pumped to a base
pressure of 1.0 X 107® Torr and the target was preablated for 2 min at
10 Hz to remove any surface contaminants. After the proper
optimization of the growth parameters, finally, a series of CFO thin
films of varying thicknesses from 50 to 400 nm were deposited at a
substrate temperature of 450 °C in an ambient O, pressure of 10
mTorr using laser fluence of 2 J/cmz. A distance of 4 cm was
maintained between the substrates and the targets during deposition.
After deposition, the films were cooled down to room temperature at 5
°C/min in an O, pressure of 10 mTorr. For comparison, CFO thin
films were also deposited on Si substrates using normal-incidence PLD
under the same conditions. Under the above conditions, the growth
rates for obliquely incident CFO thin films were measured to be 0.5
A/s whereas those for the normal-incidence films were found to be 1
A/s7® To optimize the growth parameters in the a-PLD process, we
observed the laser-ablated plasma plumes in situ and imaged them
during the film growth process. For this purpose, an intensified charge-
coupled detector (ICCD) imaging system (PI Acton PI-MAX:512
UNIGEN Digital ICCD Camera System, 512 X 512 pixels, <5 ns
gating capability, spectral range 150—925 nm) set at 20 us exposure
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time was aligned normal to the plume propagation direction to capture
the total visible emission from the laser-ablated plumes in a manner
similar to our previous reports.36_39

The crystallinity and orientation of the as-deposited films were
determined by X-ray diffraction (XRD) using a Bruker D8 Focus
Diffractometer (equipped with a Lynx Eye Position Sensitive
Detector) with Cu—Ka source (4 = 1.54439 A). While performing
the XRD scans, care was taken to avoid peak shifts in the XRD
patterns due to sample misalignment. XRD rocking curves were
performed using an in-plane grazing incidence configuration in order
to maximize the signal from the in-plane direction of the films. The
surface morphologies of the films were studied using an atomic force
microscope (AFM) from Digital Instruments. The interfacial micro-
structure in the a-PLD-deposited CFO thin films was analyzed using
high-resolution transmission electron microscopy (HRTEM) (FEI
Tecnai F 20 S-Twin TEM). The sample for cross-sectional HRTEM
analysis was prepared by milling out a 5 ym X 10 ym rectangular strip
that was 100 nm in thickness from the film surface using a focused ion
beam (FIB) (JEOL 4500 FIB/SEM) and Pt-welding it to a Cu TEM
grid.

The magnetic properties of the CFO thin films were measured at
room temperature using a commercial Physical property measurement
system (PPMS) from Quantum Design equipped with a vibrating
sample magnetometer (VSM) in magnetic fields up to S T applied
parallel to the film plane. For magnetic measurements, all the thin
films were cut to the same rectangular sizes of 2 mm X 3 mm and they
were all aligned with their longer lengths parallel to the magnetic field
inside the PPMS to avoid errors associated with different shapes of
samples. The magnetization versus magnetic field (M—H) curves
presented here were obtained after subtracting the diamagnetic
contribution from the Si substrates.

3. RESULTS AND DISCUSSION

Henceforth in the text the nomenclatures “a-PLD” and “90°-
PLD” will be used to distinguish between oblique- and normal-
incidence pulsed laser deposition processes, respectively.

3.1. In Situ Optical Plume Diagnostics. In the PLD
process, after the laser interacts with the target surface the
evaporated target material forms a plasma of highly excited and
ionized species which on subsequent expansion and collisional
excitation extends in a visible plume of material traveling from
the target to the substrate.*” In situ plume imaging is a
noninvasive probe that provides a two-dimensional snapshot of
the plume propagation and dynamics that is critical for the
optimization of the film growth parameters.*' Figure 1 shows
the time-integrated ICCD image of the total visible emission
from the laser-induced plume during the optimized growth of
a-PLD-deposited CFO thin films. The position of the target,
the laser beam and the 120°-tilted substrate have been
schematically drawn to-scale to show their real positions in
space with respect to the plume. As depicted in the figure the
most intense region (higher counts) of the visible plume close
to the target surface gradually fades and completely disappears
at least 2 cm before the substrate surface. The spatial expansion
of the plume with respect to the angle of tilt of the substrates
was critical for the optimized growth of uniform thin films with
smooth surface morphologies. From preliminary experiments it
was observed that using large oblique angles such as 175°
(where the substrate was almost parallel to the plume) during
the film growth, undesirable nonuniform films are produced
that exhibit large density of pits and pores due to the excessive
shadowing effects at such large incidence angles (see the
Supporting Information, Figure S1).** Also, it was found that
smaller target—substrate distances (<4 cm), higher laser
fluences (>2 J/cm?), or high background ambient gas pressures
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(>100 mTorr) during the film growth lead to the deposition of
particulate-laden films with rough surface morphologies.

3.2. Crystallinity and Surface Morphology. Figures 2a—
d show the XRD 6—20 patterns for the a-PLD deposited CFO

Intensity (arb. units)

20 (deg)

Figure 2. XRD 0-20 patterns for CFO thin films deposited on Si
substrates using oblique-angle PLD under the same conditions for
varying thicknesses of (a) 400, (b) 200, (c) 100, and (d) SO nm,
respectively. The Si substrate peaks have been marked as *.

thin films with varying thicknesses of 400, 200, 100, and 50 nm,
respectively. In all the patterns, the observed peaks were
indexed to the face-centered cubic phase of CFO with a space
group of Fd3m (227). The XRD pattern of the 400 nm thick
film demonstrates a bulklike polycrystalline nature (Figure
2a).”® On the other hand, the XRD patterns for the 200, 100,
and 50 nm thick CFO films show preferred orientation in the
CFO (111) crystallographic plane (Figures 2b—d). From
Figure 2, it is clear that the CFO (111) crystal orientation is the
preferred growth direction for CFO thin films below a critical
thickness of 200 nm.”'>* Panels a and b in Figure 3 show the
XRD 6-20 patterns of the 200 nm thick CFO thin films grown
under the same conditions using a-PLD and 90°-PLD,
respectively. While the a-PLD deposited CFO film shows
preferred (111) orientation, the 90°-PLD film shows randomly
oriented polycrystalline nature. The insets to panels a and b in
Figure 3 show the XRD rocking curves performed about the
CFO (222) crystallographic plane for the a-PLD and 90°-PLD
grown films, respectively. The smaller full-width-at-half-maxima
(fwhm) value of the rocking curve peak in the @-PLD deposited
film (fwhm = 0.18°) as compared to that of the 90°-PLD film
(fwhm = 0.41°) indicated the better in-plane orientation of the
(111) plane (Figure 3) in the a-PLD grown film as compared
to the 90°-PLD film. The results indicate that a-PLD grown
films had enhanced texturing as compared to those grown using
90°-PLD.

We calculated the lattice parameters (a) and lattice strains
(¢) of the deposited films from their XRD 6—26 scans and
using the relation ¢ = (a — a,)/a,, where a is the average lattice
parameter of the film and g, is the bulk unstressed lattice
parameter of CFO (a, = 8.39 A), as measured from the CFO
powder.” For these calculations all the XRD patterns were
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Figure 3. XRD 6—26 patterns for 200 nm thick CFO thin films
deposited on Si substrates using (a) oblique and (b) normal-incidence
PLD processes keeping all other parameters constant, respectively.
The insets show the XRD rocking curves performed about the CFO
(222) planes for the respective films.

matched with the Si substrate peak which was considered as the
standard. Crystallite sizes (Dgy,) were calculated using the
Scherrer formula assuming spherical crystallites as Dgy, = 4/3L
where L is given by eq 1%¥*

KA
Bcos 6 (1)

where L is the coherence length of reflected X-rays, k is the
particle shape factor (for spherical particles, x = 0.94), 4 is the
wavelength of X-rays (for CuKa, 4 = 1.54439 A), B is the full
width at half-maxima (fwhm) of 6—26 peak, and € is the angle
of diffraction.

The lattice strains () and crystallite sizes (Dyyy) for each
sample were also calculated independently using the
Williamson—Hall method, which follows eq 2*

Bcos 0/ = nsin 0/ + 1/Dyy (2)
where B is the fwhm of 8—20 peak, 0 is the diffraction angle, 4

is the X-ray wavelength, # is the effective strain, and Dy is the
effective crystallite size.

The strain (1) was calculated from the slope and the
crystallite size (Dyy;) was calculated from the intercept of a plot
of Bcos /A against sind/A (as shown in the Supporting
Information, Figure S2). The calculated 4, &, Dgg, #, and Dyy
values have been summarized in Table 1. From the a and €
values in Table 1, it is clear that @-PLD-deposited CFO films
showed decreased a values as compared to 4, resulting in large
compressive strains (¢ < 0) in the films. On the other hand, the
90°-PLD deposited CFO films showed slightly increased a
values as compared to 4, resulting in small tensile strains (¢ >
0) in the films.” An analogous trend in effective strains (17) can
also be seen in Table 1 as obtained from the Williamson—Hall
calculations. Crystallite sizes calculated using both Scherrer
formula (Dgy, &~ 23—32 nm) and Williamson—Hall technique
(Dywy ~ 28—35 nm) (see Table 1) were consistent with each
other. These crystallite sizes were smaller than the critical single
domain size for CFO (~40 nm) suggesting that the films were
possibly composed of single-crystal nanograins.*” The similar
results obtained from the different techniques corroborated the
fact that the observed trends in strains and crystallite sizes were
real. A slight decrease in strain values (both ¢ and # in Table 1)
is observed in the 200 nm thick films which could be associated
with strain relaxation due to grain boundary effects.* It is to be
noted that since the CFO films were grown under the same
conditions on similar Si substrates, the compressive and tensile
strains in a@-PLD- and 90°-PLD-deposited CFO films,
respectively, were not a result of lattice mismatch within the
substrate as in the case of epitaxial CFO thin films but because
of intrinsic difference in the microstructure of the films as a
result of oblique or normal plume incidence in PLD.**° The
difference in strains in a-PLD- and 90°-PLD-deposited CFO
films could contribute to their different magnetic properties.

Figure 4a—c show AFM images of the surface morphologies
of a-PLD-grown CFO films with varying thicknesses of 50, 100,
and 200 nm, respectively. In contrast, Figure 4d shows an AFM
image of the 200 nm thick 90°-PLD-grown CFO film. In all
cases, the direction of deposition has been indicated by arrows.
All the scans have been shown using the same area of 2 X 2
um” and z-height of 100 nm for comparison. The grain sizes
and root-mean-square surface roughness (R,,,) values for all
the samples are summarized in Table 1. As have been observed
from the figure and the values in Table 1, the a@-PLD deposited
films exhibited extremely smooth surfaces (Figure 4a—c) with
R, values varying as low as 1—2 nm (Table 1). On the other
hand, the 90°-PLD-grown CFO films were relatively rough with

Table 1. Film Thickness, Lattice Parameter, Lattice Strain, Crystallite Size, Effective Strain and Crystallite Size, Grain Size, and

RMS Surface Roughness Values®

type of film thickness lattice parameter a

PLD (nm) (A) strain & (%)
oblique S0 8.358 + 0.028 —0.39 = 0.03
100 8.350 + 0.027 —0.49 + 0.02
200 8.353 + 0.029 —0.45 + 0.03
normal 50 8.392 + 0.017 0.021 + 0.010
100 8.398 + 0.013 0.087 + 0.015
200 8.396 + 0.007 0.065 + 0.009

Williamson—Hall

crystallite size Dgg, Dy grain size G roughness R,

(nm) n (%)  (am) (nm) (nm)

23 +2 —0.48 21 80 + 25 13 +£02
32+£3 —0.57 31 96 + 18 12+ 03
28+ S —0.42 25 98 +7 1.7 £ 0.1
28+ 5 0.18 36 55+ 6 94 + 04
357 0.34 38 82 +5 10.6 £ 0.3
34 x5S 0.25 38 96 + 9 11.5 £ 02

“Lattice parameter a calculated from XRD —20 scans, lattice strain (¢) calculated using € = (a — a,)/a, (where a, = 8.391 A is the bulk lattice
parameter of CFO), crystallite size (Dgg,) calculated using Scherrer formula, effective strain (;7) and crystallite size (Dyy) calculated using the
Williamson—Hall method, grain size (G) and root-mean-square surface roughness (R,) obtained from AFM analysis for each CFO thin film at
different thicknesess of 50, 100, and 200 nm deposited using both oblique and normal incidence PLD processes.
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Figure 4. AFM images of the surfaces of CFO thin films deposited using oblique-angle PLD at varying thicknesses of (a) S0, (b) 100, and (c) 200
nm, and normal-incidence PLD at thickness of (d) 200 nm, respectively. The red arrow indicates the direction of deposition. All the scans have been
shown using the same area of 2 X 2 ym?* and z-height of 100 nm for comparison.

higher R values in the range of 10—11 nm.”"> A systematic
increase in R, with film thickness (Table 1) is observed in
both a-PL and 90°-PLD-grown CFO films.”** From Figure 4,
it can also be seen that the surfaces of the a-PLD-deposited
films exhibited nonuniform grain growth, which is not observed
in the 90°-PLD-grown CFO film. The elongated and irregular
grain shapes in the a-PLD deposited films (Figure 4a—c) were
a result of bundling” and lateral fanning®® of adjacent
crystallites during the film growth in the a-PLD process.*”
Because the grain sizes obtained from AFM analysis are larger
than the crystallite sizes obtained from XRD analysis (Table 1),
it is possible that each grain is composed of multiple
nanocrystallites. The distinctively different surface morpholo-
gies for a-PLD- and 90°-PLD-grown CFO films (Figure 4)
suggested possible different growth mechanisms during the film
deposition. Although the nonuniform grain sizes with low
surface roughness in a-PLD-grown CFO films suggested an
island-type growth mode, the small and uniform grain sizes
suggested a layer-by-layer growth mode in the 90°-PLD grown
CFO films similar to previous reports.”"

3.3. Interfacial Microstructure and Growth Mecha-
nism. To better understand the growth mechanisms in a-PLD,
the interfacial microstructure of the a@-PLD grown CFO films
were studied using cross-sectional high resolution TEM
(HRTEM). Figure Sa—c shows HRTEM images captured at
different locations along the interface of a 200 nm thick a-PLD
grown CFO film. An ultrathin (2—4 nm) layer of amorphous
SiO, is present in all the images as a result of surface oxidation
of single crystal Si (100) substrates. From the figure is can be
seen that the CFO layer made a distinctly sharp and flat
interface with the Si substrate. Distinct single-crystal columnar
structures (shown by dotted lines in Figure S) with continuous
sharp lattice fringe spacings identified with the preferred (111)
orientation of CFO are present in all the images. Within the
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Figure S. (a—c) Cross-sectional HRTEM images captured at different
locations along the interface of the 200 nm thick CFO thin film
deposited using oblique-angle PLD. (d) Typical SAED pattern
obtained near the interface of the 200 nm thick CFO thin film
deposited using oblique-angle PLD.

space between the columns, different order of lattice fringes
corresponding with the (311) or (400) orientations of CFO are
observed. Figure 5d shows the selected area electron diffraction
(SAED) pattern obtained near the interface. Unlike the
continuous ring patterns of a bulk polycrystalline sample, the
SAED pattern in Figure 5d shows a dotted pattern indicating
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preferential growth, corroborating the preferred crystal (111)
orientation that was observed in the XRD analysis earlier. Such
nanocolumnar interfaces as seen in Figure S were not observed
in 90°-PLD-grown CFO films.

Figure 6 shows a schematic diagram of the various stages
labeled as a—e of film growth as a function of the deposition

Normal deposition

11

Oblique deposition

W\

initial nucleation
of nano-islands

(@)

preferred
columnar growth

shadowed regions no shadowing effect
7

(b)
growth and
coalescence of

/ \ islands
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deposition of
additional

growth
DS

layer-by-layer growth

@
polycrystalline
thin ﬁl.m randomly oriented
formation 2, W 7
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Figure 6. Schematic diagram showing the various stages of thin film
growth mechanism as a function of the deposition time labeled as a—e
in both oblique- and normal-incidence PLD processes.

time in both oblique- and normal-incidence deposition
conditions. The initial stage is similar in both processes. As
the flux of the laser-ablated species arrives at the substrates the
smallest stable clusters nucleate on the substrate and grow into
three-dimensional islands, with a preference to form more
islands with the preferred (111) orientation (marked in red in
Figure 6 a) which is the easy direction of growth for the CFO
crystal. Deposition of CFO on amorphous SiO,/Si substrates
results in such island growth via the Volmer—Weber growth
mechanism, typically observed when atoms being deposited are
more strongly bonded to each other than to the dissimilar
substrate material.>> Unlike the growth of epitaxial CFO thin
films on single-crystal substrates such as MgO (100) or SrTiO;
(100) where the crystal lattice of the substrates assists the initial
nucleation of the single-crystal islands,® here the presence of the
amorphous SiO, layer on the Si substrates did not facilitate
such growth of single-crystal islands. The followings stages are
different in the two processes. As more obliquely incident vapor
flux arrives in the a-PLD process, extreme atomic shadowing
(Figure 6b) and limited adatom diffusion work together to
produce small isolated columns, mostly in the CFO (111)
preferred direction (marked in red in Figure 6c), growing in a
vertical manner. On the other hand, in normal incidence,
because there is no such shadowing effect, the islands tend to
grow both laterally and vertically with no preference to
columnar growth (Figure 6b, c). Also, the presence of the
amorphous SiO, layer does not provide open access to the
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underlying Si (100) surface, and consequently does not allow
the formation of more islands along the CFO (100) plane in
normal-incidence deposition. Eventually, with more and more
material arriving in oblique incidence, the dissimilar growth
rates in the vertical and horizontal direction reaches an
equilibrium and grain coalescence is reached as in the case of
normal incidence (Figure 6¢). Subsequent depositions lead to a
layer-by-layer growth in both the processes via the Frank—Van
der Merve growth mechanism.>” At this stage, the depositing
atoms see the already-deposited CFO layers and are more
strongly bonded to the underlying CFO layers than to each
other leading to growth in two dimensions and continuous film
formation (Figure 6 d). The process continues with each layer
being progressively less strongly bonded than the previous layer
and ends when the bulk bonding strength is reached. Finally,
this results in preferentially oriented films with nanocolumnar
interfaces (marked in red in Figure 6e) in oblique incidence,
and on the other side, it leads to randomly oriented
polycrystalline films in normal incidence (Figure 6e).

3.4. Magnetic Properties. Figure 7 shows the M—H
hysteresis curves recorded at room temperature for the a-PLD

44 e 200nm
<—100 nm
K 50 nm
5 «-PLD e TP AR
T 14
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-34
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Figure 7. Magnetization vs magnetic field (M—H) hysteresis curves for
CFO thin films grown using oblique-angle PLD under the same
conditions with varying thicknesses of 50, 100, and 200 nm. The inset
shows the enlarged portion of the M—H curves at low field ranges.

grown CFO thin films with different thicknesses. As observed
from the figure, the 100 and 200 nm thick a-PLD grown CFO
films have comparable saturation magnetization (M) and
coercive fields (H.) whereas the SO nm thick film exhibited
lower values of M, and H.. The magnetic saturation of the 50
nm film were possibly diminished by the lower crystallinity in
the film as indicated by the low-angle amorphous background
in the XRD pattern (Figure 2) and the slightly lower
compressive strain in the film (Table 1). Table 2 summarizes
the M, and H. values for all the samples along with their
squareness factors (i.e., remanent magnetization (M,) to M,
ratio). Typically in hard magnets such as CFO the squareness
and coercivity are considered as figures of merit for device
applications.

From the magnetic values in Table 2, the following
observations are evident:
(I) M, values for a-PLD- and 90°-PLD-grown CFO films
were comparable to each other and followed similar trends as
function of the film thicknesses. The M, values observed in the

sat

100 nm (~ 3.2 to 3.5 py per Co*" site) and 200 nm (= 3.0 to
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Table 2. Saturation Magnetization (M,,,), and Squareness
(i.e., Remanent Magnetization (M,) to M, ratio (M,/M,,,)),
and Coercivity (H,) Values for CFO Thin Films at Different
Thicknesess of 50, 100, and 200 nm Deposited Using Both
Oblique and Normal-Incidence PLD Processes

magnetic properties

angle of
plume film sat M,
e of incidence thickness (emu/ (/49/ M,/
PLD (deg) (nm) cm?® Co**) M, H.(kOe)

oblique 120 S0 242 + 3 19 37 2.5
120 100 402 + 2 32 43 2.8
120 200 376 £ 5 3.0 41 2.6
normal 90 S0 351 +2 2.8 14 0.2
90 100 440 £ 3 3.5 15 0.3
90 200 417 £ 2 3.3 27 1.2

3.3 pp/Co**) thick CFO films in both cases were close to the
theoretical saturation value of 3 yp/Co?* for CFO."

(II) Squareness factors for a-PLD-grown CFO films were
almost 2—3 times higher that those grown using 90°-PLD
process for all thicknesses as result of higher M,, which is
necessary for device applications. Although the squareness
factors for 90°-PLD-grown CFO films matched with the
previous report,” the enhanced squareness factors for a-PLD-
grown CFO films matched well with those for epitaxial CFO
thin films grown on single-crystal MgO (100) substrates using
PLD.**

(1II) H, values for a-PLD-grown CFO films were almost 10
times higher than those grown using 90°-PLD process. To the
best of our knowledge, the in-plane H, values of 2.5—2.8 kOe
observed for a-PLD-grown CFO films (Table 2) are one of the
highest values ever reported for any in situ grown polycrystal-
line CFO films. Reported H, values vary from 0.2 to 1.2 kOe
for as-grown CFO films with one of the highest H_ values
reported as 7.5 kOe for CFO films grown using rf sputtering
process, but requiring ex situ post annealing at 900 °C in air for
2 15192253

To clearly demonstrate the enhanced magnetic properties of
a-PLD-grown CFO thin films, we have shown the M—H curves
for both a-PLD- and 90°-PLD-deposited CFO films at
thicknesses of 100 and 200 nm in panels a and b in Figure 8,
respectively. It is worth noting in this figure that there is a kink
in the M—H loops near zero field for 90°-PLD-grown CFO
films, whereas this feature is absent for a-PLD-grown CFO
films. The noted kink, which has also been observed in 90°-
PLD-grown CFO films on Si(100) and Al,0;(0001)
substrates,” can be attributed to the presence of the tensile
strain that tends to generate a perpendicular magnetic
anisotropy because of a negative magnetostriction constant of
the CFO film*® and competing with the magnetocrystalline
anisotropy and the magnetic shape anisotropy of the two-
dimensional film. It can also be related to the lack of a well-
defined crystalline structure (the possible presence of an
amorphous magnetic layer) at the interface between the film
and SiO, layer in 90°-PLD grown CFO films, as evidenced
from TEM images. This effect is significant in thin films and
becomes less significant in thick films, as the crystalline
structure is more defined in thicker films. This explains why the
kinklike feature is strongly suppressed in the 200 nm thick CFO
film (Figure 8b) as compared to the 100 nm thick CFO film
(Figure 8a). It is the presence of the kink that resulted in the
overall reduction of H. and M,/M; ratio for 90°-PLD-grown
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Figure 8. Magnetization vs magnetic field (M—H) hysteresis curves for
CFO thin films deposited using both oblique- and normal-incidence
PLD process labeled as @-PLD and 90°-PLD at thicknesses of 100 and

200 nm, respectively. The insets show the enlarged portion of the M—
H curves at low field ranges.

CFO films. However, the case is different for a-PLD-grown
CFO films, where the single-crystalline nanocolumns formed at
the interfaces showing the (111) crystal orientation (Figure S)
resulted in enhanced preferred growth along the CFO (111)
direction (ie., along the hard axis of magnetization for single-
crystal CFO), possibly resulting in the increased magneto-
crystalline anisotropy and higher M, values. Strain-induced
higher coercivity where domain wall motion is restricted as a
result of strain was reported in CFO thin films.>* From XRD
strain analysis (Table 1), it was observed that the @-PLD-grown
CFO thin films exhibited higher compressive strains, as
compared to the slightly tensile strains in the 90°-PLD-grown
CFO films, which most probably resulted in the higher H_
values.

4. CONCLUSIONS

In conclusion, CFO thin films were deposited under the same
conditions using oblique and normal-incidence PLD processes.
XRD analyses revealed an enhanced preferred orientation along
the CFO (111) plane in the oblique-incident films, while AFM
images revealed extremely smooth film surfaces as compared to
the normal-incident deposited films. HRTEM images of the
obliquely incident CFO films showed nanocolumnar growth
along the interfaces in the preferred CFO (111) direction.
Magnetization measurements showed comparable saturation
magnetizations in both oblique and normal-incident CFO films;
however, a huge systematic enhancement in the coercive fields
was obtained in the obliquely incident CFO films as compared
to those deposited using normal-incidence PLD. Textured
CFO thin films with nanocolumnar interfaces with tunable and
enhanced coercivity can enable their potential application in
magneto-optic devices.
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