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Slspiie @ Disseriber 2027 High-quality BaFe;,019 (BaM) films with high uniaxial anisotropy fields of

Published online: Ha =175 and 18.5 kOe were obtained by pulsed laser deposition (PLD) at two
1 January 2023 fluences of 1.5 and 5.1 J/cm?® on YSZ(111) substrate, using a platinum interlayer

for reducing lattice mismatch. We demonstrated that the microstructure, mor-
© The Author(s) 2022 phology, and stoichiometry of the hexaferrite BaFe;,049 films can be affected by

raising the corresponding energy per pulse from 25 to 75 m]J. However, we also
concluded that the increase of fluence leads to the formation of a non-stoi-
chiometric BaM film through two nucleation steps and an output growth of
small grains in addition to the increase of the defect density. In turn, this has
contributed to the enhancement of the coercive field from H. = 1769 Oe to H.
= 2166 Oe as it is required for the improvement of perpendicular recording
resolution. We found that both the lateral coherent block size and misorientation
of mosaic blocks are remarkably affected by the growth kinetics, which itself
depends on the energy per pulse. For a deep understanding of the effect of laser
fluence on the microstructure, chemical composition, and on the magnetic
properties of thin BaM films, the results of complementary methods are com-
bined. These methods comprise high-resolution X-ray diffraction, atomic force
microscopy, high-resolution transmission electron microscopy (TEM), scanning
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TEM combined with energy-dispersive X-ray spectroscopy, and vibrating

sample magnetometer.

GRAPHICAL ABSTRACT

BaMF25m)

YS”Zc « bt R

Ag&Ptcoating - -

BaMF75mJ

26 24 -22 -2
q. [A"

ang

Introduction

Hexagonal barium ferrite with magnetoplumbite
structure, i.e., BaF1,019, is an important material for
applications involving high-density perpendicular as
well as longitudinal magnetic recording media [1-4],
spintronic devices [5], microwave circuits [6-8], and
microwave-assisted magnetic recording (MAMR) [9]
because of the recorded large uniaxial magnetic ani-
sotropy H,, relatively high permeability and low
conduction losses. Workers interested in microwave
applications have emphasized epitaxial growth of
thick (several pum), c-axis oriented, nearly single-
crystal films for the construction of microwave filters
and other devices. Those interested in magnetic
recording have focused on the preparation of c-axis
magnetic layers with thickness typically ranging
from a few tens of nm to 200 nm as potential per-
pendicular recording media. For high-density per-
pendicular magnetic recording (PMR), the media
should possess a chemical stability, mechanical
durability, moderate hard magnetic properties, and
small grains. In order to achieve higher signal-to-
noise (5/N) ratio in perpendicular recording media,

highly oriented perpendicular magnetic recording
layers with relatively high perpendicular coercivity
H, small-grained films, and large perpendicular
squareness (S, = Mr,/Ms,) are required [1-3].
Recently, BaFe;,0,9 material can become a promising
candidate for multiferroic ceramics [10] and thin film
[11] because it is showing strong ferromagnetic and
ferroelectric behavior at room temperature. Further-
more, the structure, electrical and magnetic proper-
ties of some doped barium hexaferrites have been
well investigated, some results suggest excellent
magnetoelectric coupling performance in BaFe;,019
[12]. Out-of-plane C-axis BaM films have been suc-
cessfully fabricated by different methods, such as
molecular beam epitaxy (MBE) [13, 14], liquid phase
epitaxy (LPE) [15], alternating target laser ablation
deposition (ATLAD) [16, 17], and radio frequency
(RF) magnetron sputtering [18, 19]. There is a
remarkable increase of pulsed laser deposition (PLD)
growth of high-quality BaM films, which meet the
requirement of the aforementioned applications with
the focus to investigate the influence of the process
parameter on the structure and the magnetic prop-
erties [20-26]. C-axis BaM films have been fabricated
by PLD on various substrates, like Al,O3(0001),
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MgO(111), SiC(0001), Si(111), GaN(0001), and Gds.
Gas0;,(111) [references cited in 8]. It was found that a
Pt(111) interlayer was the most effective solution to
block the interdiffusion between the substrate and
the BaM layer [27-30], and therefore, the performance
of excellent c-axis orientations. This promotes the
magnetic layer growth with the easy magnetization
direction perpendicular to the substrate. To the best
of our knowledge, BaM was not previously grown on
YSZ(111) substrate but rather on Si coated with YSZ
and YSZ substrate with (001) orientation [31, 32].
While the influence of the process gas (i.e., oxygen)
pressure [21, 25, 26, 33], the substrate surface prop-
erties, and substrate temperature [21, 26] on the
microstructure, morphology, and magnetic proper-
ties of BaM has been previously investigated, the role
of laser beam parameters such laser frequency, spot
size, wavelength, and fluence has not been exten-
sively studied for ferrite materials [34]. Specifically,
the laser fluence controls the deposition rate and the
kinetic energy of the ablated species from the target.
Ojeda et al. [35] have discussed about the influence of
the laser fluence, when the value is close or much
higher than the threshold ablation, on the film com-
position in different systems such as SrTiO; or
LiCoO,, and BaTiOs. The O, background gas is often
used to incorporate oxygen into the film and to
moderate the kinetic energy of the arriving species.
There is a fundamental interdependence between the
laser fluence and the background gas pressure in the
PLD process, in order to achieve the optimum kinetic
energies of the arriving species to the substrate [35].
Several phenomena take place in the plume such as
intra-plume collisions, electrostatic interactions (ions
and electrons), and diffusion by the background gas.
The species ablated from the target will have differ-
ent radial distribution depending on their kinetic
energy and on their masses. This will in turn affect
the local nucleation, growth kinetics, composition,
stoichiometry, film thickness, and morphology
[36, 37]. In the case of BaM, the increase of the laser
fluence will lead to an increase of the number of
emitted ion species and the velocity of the species,
and therefore, of the kinetic energy distribution of Ba
twice as much than Fe because of the atomic mass
ratio. The use of higher fluence will give Ba atoms
remaining kinetic energy for diffusing on the film
surface. Furthermore, the ablation rate in terms of
removed material depth (nm) increases with the laser
fluence as it was calculated and experimentally
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verified by Fahler et al. [38]. Schou [39] has revealed
the complicated aspect of the laser ablation and
plume expansion and has reported competitive
mechanisms, occurring in the stoichiometric transfer
from the target to the film. He explained how these
competing processes and the resulting film mor-
phology are strongly and dually dependent on the
laser fluence as well as the chosen gas background
pressure. Zhuang et al. [40] discussed the importance
of the stoichiometry on the magnetic properties and
microstructure on barium ferrite films grown by RF
sputtering. Recently, Yu et al. [34] investigated the
evolution of the stoichiometry, phase, and texture of
PLD-grown hexagonal barium ferrite films by vary-
ing the laser fluence and grew films with the same
number of shots. They showed that the grain sizes,
crystalline structure, as well as magnetization hys-
teresis are strongly affected by the chosen fluence
without taking the difference of the film thickness
into consideration due to the increase of the fluence at
a fixed number of shots.

We present a comprehensive study of the effect of
laser fluence by changing the energy per pulse from
25 to 75 mJ on the quality of epitaxial growth of BaM
hexaferrite films with comparable film thickness after
adjusting the number of laser shots. The resulting
films were characterized by using a multiplicity of
complementary methods, including vibrating sample
magnetometer (VSM), high-resolution X-ray diffrac-
tion reciprocal space mapping (HR-RSM), atomic
force microscopy (AFM), X-ray photoelectron spec-
troscopy (XPS), and transmission electron micro-
scopy (TEM) techniques, in particular, TEM
diffraction contrast and high-resolution TEM
(HRTEM) imaging, as well as scanning TEM (STEM)
in combination with energy-dispersive X-ray spec-
troscopy (EDXS).

Material and methods

PLD growth of BaM at two different
fluences

Two samples named here BaMF25m] and BaMF75m]
were similarly grown in the PLD chamber by using
two pulse energies of 25 and 75 m] in two steps. As a
first step, an interlayer of platinum Pt(111) with a
thickness of about 75 nm was grown in vacuum after
heating up the substrate to Ty = 900 °C on the yttria-
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stabilized zirconia with (111) orientation. A laser
pulse energy of 60 mJ and laser repetition rate of
5 Hz was used. As a second step, a hexaferrite target
BaFe ;019 from the company surface (99.95% purity)
was ablated with a laser repetition rate of 1 Hz by
using two different pulse energies for BaMF25m] and
BaMF75m] in an oxygen background pressure of 400
mTorr at a target-substrate distance of 40 mm. It is
worthwhile to emphasize that our investigation on
the influence of laser frequency on the growth
kinetics, film morphology of LuFeO3 grown on
YSZ(111) [41], and on the crystalline quality favors
the use of laser frequency of 1 Hz for the PLD
growth. In fact, it demonstrates that the increase of
the laser repetition rate from 1 to 10 Hz induces more
defect density and degrades the crystalline quality as
shown by HRTEM. Even though, the growth at 1 Hz
is slow, the crystalline quality was less affected by the
defects such as stacking faults and out-of-phase
boundaries.

The laser energy was measured with a detector in
front of the access view port of the chamber. The
energy per pulse was adjusted to 25 and to 75 mJ by
regulating the temperatures of the two omega and
four omega harmonics of the YaG laser. In order to
calculate the fluence, the spot area on the target was
determined from the beam imprints at the thermal
paper sheets placed at the target position in the
chamber. The corresponding fluences were 1.5 and
51J/cm® In order to produce BaMF25m] and
BaMF75m] films with the same thickness of about
140 nm, the number of 20,000 and 6666 shots was
used, respectively. All the PLD growth parameters
are summarized in table (S1) (see supplementary
information).

High-resolution reciprocal space mapping
(HR-RSM) by symmetric and asymmetric
X-ray diffraction

The crystalline structure in terms of in-plane and out-
of-plane lattice parameters as well as the mosaicity
was determined by means of HR-RSM of a series of
BaM symmetric (i.e., (004), (006), (008), (0010), (0012),
(0014), (0016), (0022), (0024)) and two asymmetric
reflections (i.e., (-2022) and (-2024)). The latter were
recorded by a linear Mythen detector of the beamline
NANO at the Kara facility in Karlsruhe, Germany.
All the HR-RSMs were performed by rocking the
sample around the corresponding diffraction angles.

Bauer et al. [42] described the experimental setup in
detail which includes the heavy-duty diffractometer,
the in situ PLD chamber, and the X-ray beam speci-
fications. We used an X-ray energy of 15 keV and a
distance sample detector of 1114 mm, in order to
define an angular resolution of 0.0027 degree per
channel. In order to ensure a reliable comparison
between the microstructure of BaMF25m] and
BaMF75m] and to perform the corrections for back-
ground subtraction, misalignment, and peak intensi-
ties, three reflection orders were measured for the
substrate, namely YSZ(111), YSZ(222), and YSZ(333)
and for the platinum interlayer Pt(111), (222), and
(333).

In addition to HR-RSMs of the above-mentioned
reflections, we recorded the complete diffraction
curves of the films BaMF25m] and BaMF75m] by
moving the sample and the detector in theta/2theta
configuration simultaneously. A comparison between
them is shown in Fig. 1, in order to explore the
existence of any secondary phase. In Fig. 2, three
selected HR-RSMs of (006), (0014), and (0024) from
the reflection series are presented for both films,
BaMF25m] and BaMF75m], as an example to explain
the data analysis procedure applied for both samples.
From each individual HR-RSM of BaM reflection
order (00]), two different cuts, corresponding to the
radial and the angular diffraction profiles, were
derived and compared in Figs. 3 and 4, respectively.
The diffraction profiles for both samples were ana-
lyzed by applying the mosaicity model with respect
to radial broadening, which comes from the out-of-
plane strain fluctuation and from the vertical coher-
ent blocks size, while the angular broadening is the
convolution of the broadening due to the lateral block
size and to the misorientation of the blocks. All the
diffraction profiles were fitted using the origin soft-
ware package by means of a pseudo-Voigt function,
which gives R-square values of 0.99 in comparison
with the fitting with the Gaussian and Lorentz func-
tions where R-square values were lower. The peak
positions determined from symmetric and asym-
metric reflections were utilized to derive the out-of-
plane and in-plane lattice parameters and the lattice
mismatches between the YSZ(111) substrate and the
Pt underlayer and between the BaM layer and the Pt
interlayer (see Table 1). The variation of the
FWHM,,; (resp. FWHM,,q) as function of the
reflection order (00]) is equivalent to the Williamson-
Hall (WH) plot [43] and enables the separate

@ Springer



722

J Mater Sci (2023) 58:718-739

Figure 1 Theta/2theta X-ray
diffraction scans of
BaMF25mJ and BaMF75mJ
films showing highly c-axis
oriented BaM films. The red
triangles indicate the peaks
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Figure 2 a & g Plume pictures during the growth of the samples.
Selected HR-RSMs of BaM symmetric b & h (006), ¢ & i (0020)
together with Pt (222), d & j (0024) together with YSZ(333) and
asymmetric e & k (-2022) reflections and f & 1 (-2024), (-2026)
together with Pt(331) and YSZ (224) of BaMF25mJ and

determination of the lateral coherent block size L
(resp. vertical coherent block size L) from the
intercept Yy at zero coordinate and the misorientation
A (resp. the strain fluctuation &) from the slope of
WH-plots. The derived microstructure parameters
are summarized in Table 1.

Atomic force microscopy in topography
mode

AFM topography measurements were carried out by
using a Dimension Icon AFM (Veeco Inc, USA) in
tapping mode. As a probe, we used OPUS
HQ:NSC15/Al BS cantilevers (NanoAndMore, Wet-
zlar, Germany) with a force constant of 40 N/m and a
resonance frequency of 325 kHz. AFM images were
analyzed by using the NanoScope software package
(Bruker, Karlsruhe, Germany). Particle size analysis
on AFM images was carried out by modulating the
color scale in black-white to visualize borders of the
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BaMF75mJ films on the upper and lower row, respectively.
b Orange and black dashed lines show exemplary cuts for angular
and radial diffraction profiles, respectively. ¢ & i and d & j show
that c-axes of Pt(111) & BaM(0001) films and YSZ(111) &
BaM(0001) film are parallel to each other, respectively.

particles. 3D topography images were generated by
using height sensor data.

Sample preparation for transmission
electron microscopy

Structural properties and the chemical composition of
the two films, BaMF25m] and BaMF75m], were
studied by conventional TEM, HRTEM, and scanning
TEM combined with EDXS. For this purpose, electron
transparent cross section specimens were prepared
by focused ion beam (FIB) milling using a Helios
NanoLab G4 FX dual-beam instrument (Thermo
Fisher Scientific). Before FIB preparation of the TEM
lamellas, a thin metal layer of gold or silver was
sputtered on the sample surface by means of a Leica
sputter coater to protect the BaM films from ion beam
damage. Then, as usual for FIB preparation, an
additional Pt/C protection layer was deposited on
top of this metal layer. Coarse FIB milling was carried



J Mater Sci (2023) 58:718-739

Figure 3 Radial diffraction
profiles of selected BaM
RSMs of a (006), b (0014),
and ¢ (0024) reflections
together with YSZ(333)
reflection of BaMF25mJ and
BaMF75mJ. d Williamson-
Hall plot of FWHM,,4 as
function of the reflection order

(000).
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out with Ga™ ions at an accelerating voltage of 30 kV,
whereas for final polishing of the sample surfaces (ca.
5000 scans at each side), 5 kV with approximately 70
PA ion current was used.

Analytical transmission electron microscopy
(TEM)

TEM investigations of the BaM films were carried out
on two different transmission electron microscopes
possessing a thermally assisted field emission cath-
ode (Schottky emitter). In more detail, an aberration-
corrected FEI Titan3 80-300 microscope was used for
conventional TEM and HRTEM imaging for the
general layer properties (e.g., layer thickness, crystal
structure) as well as for determining specific
microstructural phenomena (Pt/BaM interface, crys-
tal defects). Due to the spherical aberration corrector
in the imaging system of the Titan microscope, in
HRTEM, a point resolution of 0.08 nm can be
achieved. For image recording, the microscope is
equipped with a 4 k x 4 k CMOS camera of the F436
type (TVIPS). Selected area electron diffraction
(SAED) was used to determine the crystal orientation
of BaM and Pt interlayer. Microchemical EDXS

analyses were carried out by using a 200 kV micro-
scope of the type FEI Tecnai Osiris. This microscope
is equipped with a Super-X EDXS detector (FEI)
which combines four silicon drift detectors (SDD).
X-ray maps were recorded in the STEM mode via the
so-called HyperMap mode of the ESPRIT software
(Bruker). Typical measurement times were in the
range from 60 to 90 min., where a possible drift of the
sample was automatically corrected by cross-corre-
lation of corresponding reference images. STEM
images were taken by means of a high-angle annular
dark-field (HAADF) detector for which the image
brightness is a function of the mean atomic number.
For combined STEM/EDXS analyses, the lateral res-
olution amounted to approximately 1 nm in accor-
dance with spot size no. 6 and the use of a condenser
aperture of 100 pm in diameter. By employing the
ESPRIT 2.3 software, the raw-data X-ray maps were
quantified by using the thin-film approximation after
Cliff-Lorimer [44] to obtain element-concentration
maps and the corresponding line profiles.
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Figure 4 Angular diffraction
profiles of selected BaM
RSMs of a (006), b (0014) and
¢ (0024) reflections of
BaMF25mJ and BaMF75m]J.
d Williamson-Hall plot of
FWHM,,,, as function of the r
reflection order (001).
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X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed at the IPS UHV
analysis laboratory by using a Phoibos 150 analyzer
and an unmonochromated XR-50 Mg K, X-ray source
from SPECS. The angle between the analyzer and the
X-ray source was fixed to 45°. The pressure inside the
analysis chamber was about 3 x 107'° mbar. All
measurements were carried out at room temperature
with the pass energy of 20 eV and an energy step of
0.05 eV. The deconvolution of the peaks was per-
formed by the Fityk software using Voigt profiles and
by applying a linear background. This linear back-
ground is more suited to our BaM films as insulating
materials rather than the Shirley background which is
more adapted to the case of metallic layers, as it has
been reported in the CasaXPS manual [45, 46]. The
binding energy was calibrated by using the Au 4f;,,
(84.00 eV) photoemission line of a corresponding
reference material [47]. Due to the charging effect, the
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adventitious C 15 (284.5 eV) was acquired as an
additional calibration of the binding energy [48]. The
fitting process for all components corresponding to
the different chemical elements like Ba, Fe, and O was
carried out by constraining the full width half maxi-
mum FWHM to a constant value. The fitting
parameters of all components are given in table (S2)
of the supplementary information.

Vibrating sample magnetometry (VSM)

The magnetic in-plane and out-of-plane magnetiza-
tion loops were measured by using a VersalLab
vibrating sample magnetometer from Quantum
design with a magnetic field up to 3 Tesla. The
measurements were performed for both samples,
BaMF25 and BaMF75m], at room temperature only.
From the magnetization loops, the saturation mag-
netization Ms, the remanent magnetization Mr, the
perpendicular and parallel squareness’s S; = Mr, /
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Table 1 In and out-of-plane lattice parameters of YSZ(111), Pt(111) and BaFe;,0; film together with the in-plane mismatch between YSZ(111) / Pt(111) and Pt(111) / BaM

Mismatch

BaF612019

Mismatch

Pt(111)

YSZ(111)

(PYBaM)

Out-of-plane lattice

parameter
c(A)

In-plane lattice
parameter
a (A)

(YSZ/Pt)

Out-of-plane lattice

In-plane lattice
parameter

Out-of-plane lattice

parameter
c(A)

In-plane lattice
parameter
a(A)

parameter
c(A)

(%0)

(%)

a (A)

5.740 £ 0.002
5.309 £ 0.002

23.2001 £ 0.0001
23.2171 £ 0.0001

5.8632 4+ 0.0001
5.8396 4+ 0.0001

23.841 + 0.001
23.864 + 0.001

3.9255 + 0.0001
3.9218 + 0.0001

5.5449 £+ 0.0001
5.5452 4+ 0.0001

5.1481 £ 0.0001
5.1400 £ 0.0001

BaMF25mJ 7.2807 + 0.0001
BaMF75mJ 7.2833 + 0.0001
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Ms, and S,, = Mr,,/Ms,,, the out-of-plane and in-
plane coercivity fields Hc, and Hcjand the coerciv-
ities ratio Hc,/Hc, were derived. All values were
determined for the samples BaMF25m] and
BaMF75m] and compared in Table 3.

Results and discussion

Effect of the fluence on mosaicity, structure,
and strain

The XRD patterns, which correspond to the
BaMF25m] and BaMF75m] films, are compared in
Fig. 1. Both diffraction curves contain the BaM (00I)
peaks, fourth order of the YSZ with (111) orientation
and three orders of reflection Pt111, Pt222, and Pt333
which belong to the Pt interlayer with (111) orienta-
tion. For both samples, BaMF25m] and BaMF75m],
the good quality of the BaM films can be deduced
from the absence of other peaks than (00I). The
comparison of the two XRD profiles shows similar
intensities for the Pt(111) underlayer and for the
substrate peaks. There is a slight difference in the
(001) diffraction peaks. The diffraction profiles (black
line) are broader in the case of BaMF75m] and the
intensities are lower with respect to the diffraction
profiles of BaMF25m]. Furthermore, the XRD curve
of BaMF75m] contains an additional peak with low
intensity, lying between BaM0012 and BaMO0014
reflections, which is indicated in Fig. 1 by a red tri-
angle symbol. The determined diffraction Bragg
angle is not far from that of the Fe,O; phase. This
allows us to conclude that the increase of the fluence
from 25 to 75 m] leads to the formation of a minor
Fe;O; phase and therefore to a stoichiometry fluctu-
ation in in the case of BAMF75m]. Figure 2 illustrates
HR-RSMs of selected symmetric and asymmetric
reflections. The upper and the lower panels corre-
spond to BaMF25m] and BaMF75m], respectively.
The HR-RSM of Fig. 2¢, which simultaneously shows
the RSMs of Pt222 and BaM0020, demonstrates that
the Pt interlayer is well oriented along the c-axis as
the BaM layer does not exhibit any
detectable misorientation between the Pt(111) and
BaM crystallographic planes. In a similar way, HR-
RSMs of Fig. 2d which combines the RSMs of
YSZ333 and BaM0024 show that the BaM layer is well
oriented along the c-axis without any misorientation.
In order to evaluate the effect of increasing the
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Table 2 Vertical and lateral blocks sizes obtained by WH-Plots and TEM images, together with misorientation angle and root mean square
deviation of strain along the growth direction for BaMF25mJ and BaMF75m]J films

Vertical coherent  Lateral coherent

Vertical size of

Lateral size of =~ Misorientation ~Root mean square

block size (L) block size (L) mosaic blocks mosaic blocks angle (A) deviation of strain ()
Determination ~ WH-Plot of WH-Plot of TEM TEM WH_Plot of WH_Plot of SXRD
method SXRD SXRD SXRD
(nm) (nm) (nm) (nm) (degree)
BaMF25mJ 85+ 3 293.5 + 29 135 [25-156] 0.626 + 0.1 2.86E-4 £+ 0.10E-4
BaMF75mJ 85+ 5 925 +£ 92 [6 — 122] [23-244] 0.804 + 0.1 5.75E-4 £ 0.16E-4

fluence from 25 to 75 mJ, HR-RSMs were analyzed by
following the procedure described in the experi-
mental section above. Figure 3 merely shows the
comparison between the radial diffraction profiles of
selected reflections BaM006, BaM0014, BaM0024
illustrated in Fig. 3a, b, and c, respectively. The latter
show higher radial broadening in the case of
BaMF75m]. In order to interpret the effect of the
fluence on the radial broadening, we described the
BaM microstructure by means of the mosaic blocks
where the radial broadening results from the convo-
lution of the out-of-plane strain fluctuation and ver-
tical size of the blocks. By applying the WH-plot in
Fig. 3d, we found out that the root mean square
deviation of the strain & =5.75 - 10°* derived from
the slope of WH-plot is higher in the case of
BaMF75m] (see Table 1). It should be emphasized
that the slope of WH-plot depends on the strain
fluctuation inside the grown film. The vertical sizes of
the mosaic blocks for BaMF25m] and BaMF75m] have
comparable values of about 85 nm. In the WH-plot
approach, the size distribution of the mosaic blocks is
monodispersed. Furthermore, the radial broadening
could be also interrelated with the quality of the
crystal structure. By comparison with BaMF25m],
Fig. 3 clearly demonstrates a larger radial broadening
in the case of BaMF75m]J, which could be related to a
stoichiometry fluctuation. Figure 3c reveals a shift in
the peak position of the BaM0024 reflection to lower
wave vector values by increasing the fluence from 25
to 75 mJ. In fact, the out-of-plane lattice parameter
has increased from ¢ = 23.2001 to ¢ = 23.2171 A, and
the in-plane lattice parameter has decreased from
a =5.8632 to a = 5.8396 A, most probably due to the
variation in the composition (oxygen and cations) in
the BaMF25m] and BaMF75m] layers. This led to the
decrease of the mismatch value from 5.740% to
5.309% between the Pt interlayer and the BaM layer
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(see Table 1). Additionally, the formation of a minor
Fe;O; phase in the case of BaMF75m] could lead to
the increase of the strain fluctuation from & = 2.86E-
4 + 0.10E-4 for BaMF25m] to 5.75E-4 4+ 0.16E-4 for
BaMF75m] (see Table 2). Jaber et al. [36] revealed a
similar behavior of the c-parameter in their investi-
gation of the effect of the laser fluence on the struc-
ture and composition of BiFeO; grown by PLD on
SI‘TiO:;.

Figure 4a, b, and ¢ compares the angular diffrac-
tion profiles of the different reflections (006), (0014),
and (0024) for the BaMF25m] and BaMF75m] sam-
ples. The angular broadening is interrelated to the
lateral coherent block size and with the misorienta-
tion of the mosaic blocks, which is the result of the
defect formation in the film (see Table 1). Applying
the WH approach in Fig. 4d and assuming a mono-
modal distribution of the blocks, the lateral block size
and the misorientation were found to be larger in the
case of BaMF75m].

The large angular broadening in the case of
BaMF75m] could originate from a higher density of
crystal defects due to the increase of the laser fluence.

Cross sections of both BaM films prepared by FIB
milling were also studied by different TEM tech-
niques, in order to elucidate their thickness, homo-
geneity, structural perfection, and chemical
composition. In more detail, diffraction contrast TEM
imaging combined with electron diffraction was
applied to reveal structural properties of the BaM /Pt
layers such as their thicknesses and crystallinity. The
structural setup of the interfacial region between
BaM and the Pt interlayer as well as of the differently
grown BaM films was investigated by means of
HRTEM. The chemical composition of the BaM films
was analyzed by combined STEM/EDXS experi-
ments. Figures 5 and 6 demonstrate typical results
achieved from the BaMF25m] and BaMF75m] films,
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Figure 5 a Cross-sectional
TEM bright-field image of the
BaM/Pt layer stack on
YSZ(111) substrate of the
sample BaMF25mJ, dark
vertical lines as well as black/
white regions hint at the
presence of mosaic blocks that
fill the full layer thickness.

b Corresponding selected area
electron diffraction (SAED)
pattern representing the
orientation relationship
between BaM and Pt. ¢ High-
resolution TEM image of the
BaM region ROII with three
mosaic blocks. d Detailed
HRTEM image of the
interfacial region ROI2
between BaM along its [10]
zone-axis direction and Pt
along [11-2] in the vicinity to
the mosaic-block boundary
marked with a square in (g).

m |

which are discussed in detail in the following sec-
tion. In general, the TEM findings confirm the epi-
taxial growth of both BaM films, namely BaMF25m]
and BaMF75m], on the subjacent Pt interlayers.

In the case of sample BaMF25m], the TEM bright-
field image in Fig. 5a shows a uniformly grown BaM
film with an average thickness of 135 nm on top of a
continuous Pt layer. The thickness of the Pt layer
amounts to approximately 100 nm. Additionally, the
lateral sizes of mosaic blocks were also determined
from the TEM bright-field image of Fig. 5a and they
were found to be in the range of 25 nm to 156 nm (see
column (5) in Table 2).

In Fig. 5b, a SAED pattern is depicted which was
taken from the interfacial region between BaM and
Pt. Therefore, a superposition of diffraction spots
corresponding to both materials can be seen and are
marked accordingly. Obviously, there is a good epi-
taxial growth of BaM on Pt with the (0002) lattice
planes of BaM aligned parallel to the (111) Pt planes.
This is in accordance with the above-described XRD
curves shown in Fig. (1). The BaM film itself exhibits
black/white contrast features that mainly appear in
form of predominantly vertical lines or

Ag & Ptcoating .
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brighter/darker areas, respectively. These features
are most likely caused by locally different diffraction
conditions and can be attributed to slightly differ-
ently orientated crystal regions, i.e., the mosaic
blocks, as already found in XRD measurements.
Obviously, in the growth direction, the BaM mosaic
blocks extend across the full thickness of the film.
However, their lateral extension within the film
seems to vary locally as deducible from higher
magnified TEM micrographs. Exemplarily, Fig. 5c
depicts a BaM transition region between three blocks,
which is marked by an orange frame in Fig. 5a. The
crystal structure of each individual mosaic block
appears to be relatively perfect, but the boundaries
between them are structurally disturbed due to some
slight twist/rotation of one block with respect to the
other. The BaM/Pt interfacial region of the left-hand
boundary is visualized by HRTEM imaging at a
magnification of 1.1 million times (see Fig. 5d). A
detailed evaluation yields that the orientation rela-
tionship between BaM and Pt seems to be the fol-
lowing: in Fig. 5d, Pt is transmitted along its [11-2]
zone axis (ZA) and BaM is in [10] ZA orientation.
Thus, the (0002) planes of the BaM film are parallel to
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Figure 6 a Cross-sectional TEM bright-field image of the BaM/Pt
layer stack on YSZ(111) substrate of the sample BaMF75mJ and
b corresponding SAED pattern showing the orientation
relationship between BaM and Pt. In this BaM film, the bottom
region with a vertical extension of about 50 nm appears to be more
disturbed than that of sample BaMF25mJ, even horizontally

(111) planes of Pt. Moreover, the hexagonal crystal
structure of both BaM mosaic blocks seems to be well
developed, but the stacking of lattice planes is evi-
dently different in each block indicating the presence
of out-of-phase boundaries. This means that these
mosaic-block boundaries are two-dimensional crystal
defects. Probably, the individual BaM blocks with
corresponding vertical boundaries originate from the
lattice misfit between BaM and Pt. In general, the
PLD-grown BaM films seem to be single crystalline,
but its real structure, i.e., the number of mosaic
blocks, and with this, the number of boundaries
obviously depend on the laser fluence since the
energy per pulse is different during layer growth.
As to BaMF75m], Fig. 6 comprises typical TEM
results that generally look very similar to those of
BaMF25m]. However, having a closer look reveals
some differences, in particular with respect to the
number of mosaic blocks and specific types of
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separated crystalline blocks are observable. ¢ High-resolution
TEM image of a complex mosaic-block structure (ROI3) with
both vertical and horizontal boundaries within the BaM film.
¢ Detailed HRTEM image of the interfacial region (cf. ROI4 in
figure (g)) between BaM along its [10] zone-axis direction and Pt
along [11-2] exhibiting several mosaic-block boundaries.

boundaries in between. In more detail, the boundaries
appear to be more complex, which means that they are
partially curved and, in addition, there seem to be
horizontal mosaic-block boundaries beside vertical
ones. Furthermore, the lateral density of mosaic-block
boundaries in BaAMF75m] is probably higher than for
BaMF25m]. In conclusion, this higher defect density in
BaMF75m] is the reason for the large broadening
recorded in the angular diffraction profiles (see Fig. 4).

These phenomena can already be seen in the TEM
overview image of Fig. 6a, showing an approximately
130 nm thick BaM layer on an 80 nm thick Pt inter-
layer. Furthermore, the vertical and horizontal sizes of
the mosaic blocks were locally measured from the TEM
bright-field image of Fig. 6a and were found to be in
the ranges [6-122 nm] and [23-244 nm], respectively,
as it is illustrated by columns (4) and (5) in Table 2. In
Table 2), the block sizes, which were locally measured
from TEM overview images of Figs. 5a and 6a for
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BaM25m] and BaM75m] were found to be larger than
the ones, derived from WH approach. This discrep-
ancy could be explained by the fact that XRD data was
measured over larger integrated volume while the
blocks size derived from TEM images are determined
at different specific locations in the film with nm-res-
olution. Additionally, in the WH approach, the angu-
lar broadening of diffraction profiles was assumed to
be only related to the lateral coherent blocks size and to
the misorientation of the blocks and neglecting the
broadening caused by the defects at boundaries.

In Fig. 6b, an SAED pattern of an interfacial region
between BaM and Pt is given, which shows a clear
epitaxial orientation relationship of
(0002)BaM | | (111)Pt similar to BaMF25m]. As an
example, Fig. 6c shows details of such horizontal
boundaries between single mosaic blocks at a magni-
fication of 165 thousand times. Perhaps, because of the
higher energy per pulse of 75 mJ, the time was too
short to form a perfect crystal structure during growth
of a comparable BaM film with about 130 nm thick-
ness. As can be seen in the HRTEM image of Fig. 6c,
likewise to BaMF25m], the (0002) lattice planes of BaM
are parallel to (111) planes of Pt as well. Moreover, the
structural setup of vertical mosaic-block boundaries is
generally similar to that of sample BaMF25m], i.e., the
stacking of atomic planes is different in the adjacent
BaM blocks. However, there is additional phenomena
observable, namely in form of more or less well-de-
fined horizontal blocks with corresponding bound-
aries in between. In the case of BaMF75m], such
horizontally separated crystalline blocks seem to be
predominantly present in the bottom regions of the
BaM film with a vertical extension of about 30 to 50 nm.
These regions correlate with zones of cloudy-like
image contrast visible in the TEM overview image
depicted in Fig. 6a. For the two different BaM films
under investigation, apart from the above-described
different structural properties, there were also minor
differences in the chemical composition found, influ-
enced by the laser fluence used during deposition.

Effect of the fluence on surface morphology,
chemical state, stoichiometry,
and on magnetic properties

Surface morphology in dependence on the laser fluence

Figure 7 compares the surface morphology of BaM
grown at 25 and 75 m] for two different thicknesses

of 70 and 140 nm, in order to understand the evolu-
tion as a function of the film thickness and of the laser
fluence. The micrographs of the first and of the sec-
ond columns correspond to 25 and 75 m] for the film
thickness of 70 nm, while micrographs of the third
and fourth columns correspond to the film thickness
of 140 nm. The micrographs of Fig. (7a, ef) show
well-defined hexagonal grains in the case of 25 m].
By increasing the fluence, the amount of the energetic
species, ablated from the target and then passing
through the gas to the substrate and arriving on the
substrate surface, becomes higher. This contributed
to the interconnection and the coalescence of the
hexagonal grains where the boundaries cannot be
identified. In conclusion, the resulting BaM mor-
phology is composed of more rounded and elongated
grains formed by connected and non-defined hexag-
onal grains (see Fig. (7b, {, j)). The increase of the film
thickness from 70 to 140 nm in the case of 25 m] leads
to an increase of the size of hexagonal grains from 450
to 800 nm (Figures (a, e, ) and (c, g, k)). However, the
increase of the thickness in the case of the film grown
at 75 mJ leads to the formation of distributed and
well-diffused grains in the size range of 80 to 265 nm
on the top of formed and interconnected hexagonal
chains (see Fig. (7b, {, j) and (7d, h, i)). In conclusion,
BaMF75m] sample displays two types of outgrowths.
The first type is composed of large hexagonal inter-
connected forming chains and the second type con-
sists of spherical grains with a size distribution,
which varies between 80 and 265 nm. However,
Fig. (7) also shows the presence of smaller grains
with a size of about 40 nm for BaMF25m]. All evi-
dence implies that the film has undergone a two-di-
mensional growth mode, under which, at the initial
stage, a layer-by-layer growth mode is dominating.
By increasing film thickness beyond 70 nm, nucleus
with high kinetic energy diffuses onto the substrate
surface and coalescences to form grains where the
sizes are dependent on the flux density and on the
laser fluence. Similar BaM morphology was demon-
strated by Zhang et al. [40] in the case of BaM grown
by PLD with an oxygen pressure of 0.5 mbar (375
mTorr) and a fluence of 3J/cm”® on sapphire
Al,05(0001) at a temperature of 780 °C. We can con-
clude that BaM morphology is strongly influenced by
the increase of the fluence from 25 to 75 mJ due to the
increase of the diffusion energy on the substrate
surface. In order to meet better the requirement of
high-density perpendicular recording media, further
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Figure 7 Atomic force microscopy (AFM) morphology images a,
b, ¢, d from 5 pm x 5 um region, e, f, g, h from 2 pm x 2 pm
region of BaMF25mJ Th70nm, BaMF75mJ Th70nm, BaMF25mJ
Th140nm, and BaMF75mJ Th140nm, respectively. Blue dashed
lines show typical topography features. i, j, k, 1 show the 3D

tuning of the obtained grain sizes (between 80 and
265 nm) would be necessary in the case of 75 mJ. This
could be achieved by growing BaM at oxygen pres-
sure higher than 400 mTorr at the corresponding
target-substrate distance, which needs to be deter-
mined and examined.

Surface chemical state and composition in dependence
on the laser fluence

Figures 8b, ¢, and d illustrate the spectra for the Ba
3d, Fe 2p, and O 1 s lines recorded on the surface of
BaMF25m] film.

In Fig. 8b, two peaks can fit each of the Ba 3d3,»
and Ba 3ds,, of the BaMF25m] sample. The lower
binding energy (BE) of the spin—orbit-split (SOS) pair
at 3d3/2 BEBal =793.98 eV and 3d5/2 BEBal-
=778.65 eV, denoted as Bal (peak land 3, blue
curves), is assigned to Bal atoms in the perovskite
phase. The higher binding energy SOS pair at 3ds,»
BEga> = 795.33 eV and 3ds,, BEga, = 780 eV, denoted
Ba2 (peak 2 and 4, red curves), is assigned to Ba2
atoms in a different chemical environment. The
energy separation between Bal and Ba2 is about
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images of the corresponding 2 pm x 2 pm morphology images in
e, f, g, h, respectively. Representative topographic features are
highlighted via extended drawings on 3D topography images (i, j,
k, 1).

1.5 £ 0.1 eV. Similar XPS spectra of Ba atoms were
also recorded by Atuchin et al. [49] in the case of
hexaferrite BaM powder samples. The BE, which
corresponds to the peak positions of Ba 3ds,, and Ba
3ds,, for the samples BaMF25m] and BaMF75m], is
summarized in Table 1 of the supplementary infor-
mation. Figure 8a and b compares between the Ba
spectra of the 25 m]J and 75 m], respectively. Both
spectra demonstrate the existence of two types of
atoms, namely Bal and Ba2. However, since the ratio
Bal/Ba2 differs from 1.08 in case of BaMF25m] to
1.34 in case of BaMF75m]J, this has consequently
induced different Ba overall profiles. There is a gen-
eral agreement that a binding energy of Ba lower than
780 eV corresponds to Bal atoms, which belong to
the perovskite BaM phase.

As illustrated by Fig. 8c, the XPS spectra of Fe 2p
contain the 2ps,» and 2p;,, multiplet given by
(peakl, peak2) and (peak3, peak4), respectively, as
well as the corresponding satellites. The overall curve
fits very well with the measured one. The BE which
corresponds to the peak positions of the 2p;,, and
2p3/> multiplet for BaMF25m] and BaMF75m] is
compared in table (52-b) of the supplementary
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Figure 8 Measured and fitted narrow range XPS spectra of BaM
films, a Ba 3d spectra of BaMF75mJ, b Ba 3d spectra of
BaMF25mJ, ¢ Fe 2p spectra of BaMF25mJ, and d O 1 s of
BaMF25mlJ. Open circles correspond to measured XPS data where
solid black lines correspond to fitted data, orange line represents
the background intensity, blue, red, and green curves show the
fitting peaks, below the fits solid magenta line corresponds to fit
residue. Blue curves of (a,b) correspond to peak 1 (Pk1) and peak
3 (Pk3) of Bal doublet where red curves of (a,b) correspond to
peak 2 (Pk2) and peak 4 (Pk4) of Ba2 doublet with spin—orbit

information. Furthermore, the BEs value of the SOS
pair at 2p;,» BEpeg =723.78 eV and 2p;;2 BEge:-
=710.18 eV is assigned to Fel atoms (peak3 and
peakl, blue curves) for BAMF25m]. In a similar way,
the BE values of the SOS pair at 2p;,» BEpe-
=726.4 eV and 2p;,2 BEge» = 712.8 eV are assigned
to Fe2 atoms (peak 4 and 2, red curves).

Figure 8d shows that the O 1s spectral region
could be fitted to three sub-peaks. The lower binding
energies BEg; = 529.46 eV and BEp; = 531.53 eV are
labeled as O1 and O2, respectively, and are assigned
to O”~ ions in the h-BaM phase. It is well known that
the O 1 s peak is in the binding energy range 528—
531 eV and corresponds to metal oxide. On the other
hand, the O3 atoms with BEq; = 533.14 eV is attrib-
uted to an oxidation state O*” (0 < x <2) which
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splitting SOS = 15.33 eV, with intensity ratio of Is;:l3, = 2/3.
The solid green line in (a,b) corresponds to the Auger peak of Fe
LMM. Blue curves in (c) correspond to peak 1 (Pkl) and peak 3
(Pk3) of Fel doublet and red curves represent peak 2 (Pk2) and
peak 4 (Pk4) of Fe2 doublet separated by SOS = 13.6 eV with
intensity ratio of I3»:1;, = 2. Green solid lines in (c) represent
satellite peaks of Fe 2p orbitals. d Blue, red, and green curves
correspond to O1, 02, and O3 peak fitting for O 1 s spectrum,
respectively.

corresponds to chemisorbed species as well as to
oxygen vacancies. The results of the peak profile fits,
which include the peak positions and the integrated
intensities of the Ba 3d, Fe 2p, and O 1 s atoms, are
summarized for the samples BaMF25m] and
BaMF75m] in table (S2) of the supplementary infor-
mation. It should be emphasized that the derived
percentage is used to investigate the variation of the
Fe/Ba ratio with the laser fluence, since the sum of
the intensities Ig, + Ige + Io is 100% as exhibited in
table (S2) of the supplementary information. In this
study, we are concerned to explore the relative
changes in the peak positions, shape, and intensity
ratios between chemical elements arising from
increasing the fluence from 25 to 75 m]. In order to
investigate the effect of the laser fluence on the
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chemical composition of the surface, we compared
the overall spectra of all elements, i.e., Ba, Fe, and O
in Fig. 9a where the onset illustrates the spectra for Ba
and Fe as a function of the laser fluence only. We
should note that for BEs lower than 700 eV and
higher than 820 eV, both spectra are well superposed,
while in between, the intensities are different. In the
BEs range, which corresponds to Fe, the red spectrum
of the BaMF25m] sample has a higher intensity than
that of BaAMF25m], while in the Bes, range of Ba the
behavior is reversed and the blue profile of
BaMF25m] indicates that the intensities of Ba are
higher for BaMF25m] compared to BaMF75m]. Fig-
ure 9b, ¢, and 9d specifically differentiate between
the spectra of Ba, Fe, and O of the two BaMF25m] and
BaMF75m] films. Additionally, by fitting all the
spectra, the corresponding peak positions and
intensities are determined and compared in table (52)
of the supplementary information. The comparison of
the spectrum profiles shows that the Ba intensity is
higher in the case of BaMF25m], while it is vice versa
in the case of the Fe intensity. In fact, the integrated
area is Ig, = 14.35% for BaMF25m] and 9.62% for
BaMF75m]. Oppositely, Ig. = 72.25% for BaMF25m]
and 77.75% for BaMF75m]. These results indicate that
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BaMF25m] is rich in barium and BaMF75m] is Fe-
rich. Furthermore, Io; = 10.12% is found to be higher
in the case of BaMF25m].

Stoichiometry and composition of BaM films
in dependence on the laser fluence

Combined STEM/EDXS analyses were performed to
elucidate the element distribution and the chemical
composition of the two different BaM films. In par-
ticular, X-ray maps were recorded in the STEM mode
with an electron probe smaller than 1 nm in diame-
ter. The obtained map data were subsequently
quantified by using the thin-film approximation, i.e.,
the background contribution was subtracted, and an
atomic number (Z) correction was applied, however,
absorption and fluorescence effects are not corrected.
Moreover, line-profile analyses were carried out for
selected regions of the TEM lamellas after the quan-
tification of the maps. In order to improve the signal-
to-noise ratio of these line-profile data, the corre-
sponding values were averaged in the perpendicular
direction relative to the direction of the chosen line
which is marked with a red arrow in Fig. 10.
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Figure 10 Combined STEM/EDXS analysis of the element
distribution of the BaM/Pt layers on YSZ in cross section:
STEM HAADF images and X-ray maps of the distribution of the
elements Ba, Fe, and O together with corresponding element-
concentration profiles of the regions marked in the STEM HAADF
images for BaMF25mJ al-a5 and for two different regions in
BaMF75mJ, where figures b1-b5 represent a typical BaM region
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and c1-c5 show a region with a secondary Fe—O-rich phase. The
individual energy-dispersive X-ray data were quantified by using
the thin-film approximation and the noise of the obtained maps
was reduced by applying a 3 x 3 mean filter. The error bars in the
element-concentration profiles amount approximately 1 at. % for
Ba, 4.5 at. % for Fe, 4.5 at. % for O.
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For the BaMF25m] and BaMF75m] films, in this
figure, typical X-ray maps of the elements Ba (red), Fe
(green), and O (blue) are shown together with cor-
responding STEM HAADF images as well as ele-
ment-concentration profiles. In general, the element
maps allow to clearly differentiate between the BaM
film and the underlying Pt interlayer, where the
interface between them is flat and chemically sharp.
The overall composition of the two films is close to
the nominal value, namely approximately 3 Ba, 37 Fe,
and 60 at% O. This is demonstrated in the corre-
sponding quantitative EDXS line profiles depicted in
Fig. 10a5 and b5. However, there are some little
deviations from this chemical composition observ-
able, which for both BaM films, particularly appear to
be present in upper regions of the films. From
Fig. 10a5, it can be deduced that in the case of
BaMF25m], the composition of the BaM film is nearly
constant across the whole layer thickness. Only in
regions of about 20 nm below the surface, there are
slight variations of the local concentrations of Ba, Fe,
and O. The change of the local microchemistry in
near-surface regions can hardly be interpreted as real
inhomogeneity in the chemical composition due the
probable artifact generated by the TEM sample
preparation. In fact, the Ga + ion beam could cause
this change during FIB milling.

In contrast, for BaMF75m] (cf. Fig. 10b5), small
gradients of the Fe and O contents can be seen that
already start at the middle of the BaM film and
extend toward its surface. In more detail, the Fe
concentration seems to decrease steadily, whereas
oxygen behaves vice versa. However, in the same
range, the barium content appears to be constant,
apart from the very near-surface region where bar-
ium is slightly depleted. For instance, in Fig. 10b5, at
the bottom (D = 0 nm) of the BaM film, the element
composition is 3.0 at.% Ba, 39.5 at.% Fe, and 57.5 at.%
O, whereas in the surface regions (D = 140 nm), the
values are Ba (1.8 at.%), Fe (33.3 at.%), and O (64.9
at.%). In addition, in the BaAMF75m] film, a secondary
Fe-O phase was detected at some few positions for
which the composition is approximately 40 at.% Fe
and 60 at.% O hinting at iron oxide Fe,O;. (see
Fig. 10c1-c5). However, compared to the BaM matrix
material, its volume fraction is relatively low. In the
respective TEM lamella, such Fe-O regions were only
found at two positions with some distance of about
5 pum.
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In summary, BaMF25m] is found to be nearly
homogenous with a stoichiometry similar to the tar-
get material, whereas BaMF75m] displays a slight
gradient in the chemical composition and, in addi-
tion, a secondary Fe-O phase, which leads to some
depth-dependent deviation in the stoichiometry.

It should be emphasized that for both BaM films
the chemical composition of near-surface regions is
different from that of the volume, which is more
pronounced for BaMF75m]. This could partially
explain the differences detected in the XPS spectra of
the two BaM films. However, it should be noted that,
because of the extremely small size (< 1 nm) of the
electron probe and a typical TEM lamella thickness of
about 70 nm, the information of STEM/EDXS anal-
yses is very local. This means that the spatial reso-
lution of EDXS combined with STEM is much higher
than that of XPS measurements, which averages over
an area of about 1 mm in diameter. But the latter has
a very high surface sensitivity in the order of
approximately 15 nm. Moreover, STEM/EDXS anal-
yses of surface regions in cross sections are compli-
cated because of the BaM films roughness, which
seems to be more distinct in the case of BaMF75m]
and the additional disturbance of surface areas by the
deposition of Ag and Pt protection layers before TEM
lamella preparation.

Influence of the laser fluence on the magnetic properties

Figure 11a and b show the out-of-plane and the in-
plane hysteresis loops measured in the range [-2 T to
2 T] of the samples BaMF25m] and BaMF75m] films,
respectively. For both samples, there is a significant
difference between the in-plane and out-of-plane
hysteresis loops. For BaMF75m], the high values of
the out-of-plane squareness and the low value of in-
plane squareness (S~ = 0.56, S,, = 0.152) indicate a
high degree of crystallographic alignment in the film
along c-axis direction. Furthermore, the comparison
between the values of S, and S,, of the two samples
shows that the degree of orientation increases with
the fluence. The anisotropy field Hy is found about 18
kOe (i.e., 1.8 T) for BaMF75m], while H, is 17.5 kOe
(i.e.,, 1.75 T) in the case of BaMF25m]. The magneti-
zation at the saturation M is found to be comparable
as we grow similar film thicknesses of 140 nm for the
BaMF25m] and BaMF75m] films by rescaling the
number of shots. Figure 11c and d compares between
the hysteresis loops of BaAMF25m] and BaMF75m]. It
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also shows that the hysteresis area and the coercive
field H.=2166 Oe are higher in the case of
BaMF75m]. This indicates that the dissipation energy
is large because of the high defect density as it has
already been demonstrated by HRTEM for
BaMF75m]. Furthermore, the presence of the minor
of the Fe,O; secondary phase and the interaction
between BaM and Fe-O phase could also contribute
additionally to the enhancement of coercive field Hc.
Nevertheless, the resulting increase of the coercive
field H. with the fluence will have most probably an
advantageous impact in the improvement of the
recording resolution of the perpendicular medium.

Conclusions and discussions

The effect of increasing the energy per pulse from 25
to 75 m] on the microstructure, morphology, chemi-
cal composition, and magnetic properties of PLD-
grown BaM hexaferrite films was studied in detail by
using a combination of complementary methods such
as HR-XRD, AFM, XPS, HRTEM, STEM/EDXS, and
VSM. Since the laser fluence affects the kinetic energy
of the species ablated from the BaM target, the
resulting difference in the diffusion energy of the

Magnetic field [T]

impinging species on the substrate surface led to the
growth of different films having different mor-
phologies. In fact, two types of outgrowth were
detected in AFM micrographs of BaMF75m]. We
demonstrate by means of HRTEM and HR-XRD that
both films BaMF25m] and BaMF75m] display a good
epitaxial growth on the Pt(111) interlayer and are
composed of mosaic blocks which are separated by
defects located at the boundaries. In comparison with
BaMF25m] where only mosaic blocks boundaries
exist in the lateral direction, BaMF75m] additionally
contains mosaic boundaries in the vertical direction
indicating a high density of defects. This, in turn, has
enhanced the misorientation degree of the mosaic
blocks as it could be confirmed by HRTEM imaging
and the large angular broadening of XRD diffraction
profiles. Regarding the stoichiometry of the grown
films, EDXS mapping demonstrates a stoichiometry
transfer between the BaM target and the grown film
BaMF25m]. However, BaMF25m] appears to be more
homogenous in the stoichiometry than BaMF75m],
which shows depth-dependent element-concentra-
tion profiles and a secondary Fe-O phase. In con-
clusion, the increase of the laser fluence induced
more crystal defects in the grown film, in particular,
more mosaic-block boundaries in the form of out-of-
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Table 3 Energy per pulse, growth rate (GR), saturation magnetization (Ms +), remenance magnetization (Mr +), out-of-plane magnetic squareness (S, ), in-plane magnetic

squareness (S,)), magnetic coercivity (Hc +), perpendicular anisotropy (Hc, /Hc, ) and grain sizes of BaMF25mJ and BaMF75m]J films

@ Springer

Grain sizes [nm]

Hc, / Interconnected hexagonal
Hc 1

Ms + [emu/ Mr + [emu/ S~=Mrs/ S,=Mr,/ Hc + [Oe]

GR

Energy per

[min—max]

chains [nm] [min—-max]

MS//

cc] Msa

cc]

(nm/

min)

pulse (fluence)

[450-800]

[287-983]

0.70

1768.9

185 0.43

430

0.41

25 mJ

BaMF25mJ Out-of-

plane
In-

1253.4

0.177

76

430

0.41

(1.5 Jem?)

J Mater Sci (2023) 58:718-739

plane

BaMF75mJ Out-of-

[80-265]

[301-740]

53

0.

2166.0

262 0.56

467

1.22

75 m]

plane

1177.3

0.152

70

462

1.22

(5.1 Jem?)

plane

phase boundaries and a secondary Fe-O phase,
which disturbs the film stoichiometry at a few loca-
tions. This has an impact on the magnetization hys-
teresis loop and the coercive field. However,
BaMF75m] film was demonstrated to be more suit-
able for recording media application due to the small
grain size, higher squareness, and larger coercivity in
comparison with BaMF25m] (Table 3).

This detailed and deep study has enabled us to
demonstrate the importance of the laser fluence as a
PLD growth parameter, which can be utilized to
modulate the microstructure, morphology, and the
resulting magnetic properties of BaM films with
respect to its specific material applications.
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