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BaFe 7019 (BaM) thin films with thicknesses ranging from 15 nm—200 nm were deposited on Al,O3(0001) substrates
by pulsed laser deposition (PLD). X-ray diffraction patterns show that a buffer layer with a thickness of nearly 60 nm
forms on the substrate, and then a c-axis perpendicularly oriented BaM thin film grows on the buffer layer. Atomic force
microscopy results indicate that the BaM thin film exhibits a spiral island growth mode on the buffer layer. Magnetic
hysteresis loop results confirm that the buffer layer exhibits no significant magnetic anisotropy, while the BaM thin film
exhibits perpendicular magnetic anisotropy. The out-of-plane coercivity decreases with increasing BaM thin-film thickness
due to the combined effect of grain size growth and lattice strain relaxation. The 200 nm thick film exhibits optimum
magnetic properties with Ms = 319 emu/cm> and H, = 1546 Oe.
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1. Introduction

Barium hexagonal ferrite (BaFe|2019, BaM) thin films
have attracted significant attention as potential materials for
high-density recording media and microwave ferrite devices
due to their high saturation magnetization, high coercivity,
large crystalline anisotropy, high resistivity, large dielectric
constant and excellent mechanical hardness and chemical
stability.['?! Barium hexagonal ferrite belongs to the mag-
netoplumbite hexagonal crystal system. Its space group is
P63 /mmc and it has a lattice constant of a = b = 5.290 A and
¢ =23.413 A (COD database code:1008326).

Several techniques exist for growing BaM thin films, such
as sputtering, pulsed laser deposition (PLD), sol—gel process-
ing, chemical vapor deposition and electron beam evaporation,
with most aiming to achieve highly oriented growth.’! PLD
offers advantages including composition matching the tar-
get material, precise chemical stoichiometry and high growth
rate.[*-6] Growth parameters critically influence film proper-
ties. Alexander et al. reported that insufficient laser en-
ergy density leads to the formation of secondary phases in
the BaM/Al,03 system.!”! Wei ef al. demonstrated that el-
evated substrate temperatures promote highly orientated and
well-crystallized BaM films. [®]

In this study, we observe the existence of buffer layer dur-
ing the initial growth stage of BaM films and investigate the
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influence of film thickness on the films’ magnetic properties.

2. Experiments

The BaM target was commercially purchased with 4 N
purity and density of 4.7 g/cm?. The BaM thin films were
deposited on Al;03(0001) substrates by PLD. During deposi-
tion, a KrF excimer laser (248 nm) was used, with an energy
influence of 674 mJ/cm?, a repetition rate of 10 Hz, a target-
substrate distance of 4 cm, an oxygen pressure of 0.6 Pa, a
substrate temperature of 1000 °C and film thicknesses ranging
from 15 nm-200 nm.

Structural characterization was performed using a 9 kW
high-resolution x-ray diffractometer (HR-XRD), while the
film thickness was determined by a step profiler. Surface mor-
phology and magnetic structure of the films were measured
by an atomic force microscope (AFM) and a magnetic force
microscope (MFM), respectively. The magnetic properties
were measured using a superconducting quantum magnetome-
ter MPMS-7 (SQUID 1.9 K—400 K, 0 T=7 T).

3. Results and discussion

The XRD patterns of BaM thin films with different thick-
nesses are shown in Fig. 1(a). In the XRD patterns of the BaM
thin films with thickness from 15nm—60 nm, the diffraction
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peaks are not the BaM (0001) planes, and these diffraction
peaks most probably belong to the BaM (116) plane and
(2212) plane. However, in the XRD patterns of the 75 nm,
150 nm and 200 nm samples, all significant reflections of the
BaM (0001) planes appear in the XRD patterns, which indi-
cates that the BaM film exhibits out-of-plane perpendicular
orientation growth.!! Figure 1(b) reveals the relation between
film lattice strain and BaM thin-film thickness. Film lattice
strain is calculated by Ad /dpyix (Ad = dpuix — dobserved, d is lat-
tice spacing and calculated by Bragg equation 2d -sinf =n-A,
0 is the angle between the incoming ray and the reflected crys-
tal surface, n is the reflection series, n and 0 are determined
by (008) plane because (008) plane’s intensity is the strongest
of the (001) planes, A is the wavelength and A = 1.54056 A,
dpax = 23.413 A),11% and it is found that the lattice strain
decreases as the films become thicker, which might be due
to the lattice strain relaxation during the film growth. These
results demonstrate that as the film thickness increases, a
special buffer layer with thickness of nearly 60 nm grows
on the Al,O3 (0001) substrate, and then c-axis perpendicu-
lar orientation BaM thin film grows on the buffer layer. In
the initial stage of the thin film growth, the significant lat-
tice mismatch between BaM and Al,O3 induces large inter-
facial stress at the substrate—film interface.!'!l To alleviate
the lattice strain, a buffer layer with BaM (116) plane forms
on the Al,O3 (0001) substrate. As the buffer layer thick-
ness increases, the gradual reduction in the angular shift of
(116) plane diffraction peaks, as observed in Fig. 1(a), which
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Fig. 1. (a) XRD patterns of different thickness BaM films with (1)
15 nm, (2) 30 nm, (3) 40 nm, (4) 60 nm, (5) 75nm, (6) 150 nm and
(7) 200 nm, S: substrate. (b) Relation to lattice strain and BaM thin film
thickness.

indicates progressive stress relaxation. When the buffer layer
reaches a critical thickness of nearly 60 nm, the lattice strain
decreases to an appropriate level. Subsequently, the BaM thin
film initiates epitaxial growth with c-axis perpendicular orien-
tation on the buffer layer, and the lattice strain decreases as the
growth of the BaM thin films continue. The appearance of the
buffer layer is probably intended to alleviate interfacial stress
arising from lattice parameter mismatch between the BaM film
and Al,O3(0001) substrate.

Figures 2(a)-2(c) show the AFM image of BaM thin
films. A significant morphological difference exists between
the buffer layer and the BaM thin film. The 150 nm thick
film exhibits well-crystallized hexagonal grains, which in-
dicates that the films are grown with c-axis normal to the
film plane.['?) The 200 nm thick BaM thin film shows ob-
vious c-axis spiral perpendicular orientation growth mode,
and it reveals that the BaM grains nucleate as an island
with a screw dislocation in the center and grow by adding
BaM to the edge like a spirally rising step.[!3] Raistrick also
found the same spiral growth mode in YBa,Cu307/MgO and
YBa,Cu307/SrTiO3 systems.!!#! Figure 2(d) is the MFM im-
age of 200 nm BaM thin films. The observed bright and dark
contrast image shows domain pattern with cluster-like struc-
ture with different out-of-plane magnetic orientations.

8.2 nm 8.2 nm

—5.9 nm

400.0 nm

359 nm § ’

400.0 nm 400.0 nm

Fig. 2. AFM images of BaM thin films with thicknesses of (a) 15 nm,
Ra = 2.04 nm, (b) 150 nm, Ra = 0.893 nm, and (c) 200 nm, Ra =
9.29 nm. (d) MFM image of BaM thin films of 200 nm.

Figures 3(a)-3(d) show out-of-plane and in-plane mag-
netic hysteresis loops for the BaM thin films. The hysteresis
loops were corrected for the substrate’s magnetic contribu-
tion. In the sample with thickness of 15 nm, the buffer layer
exhibits remarkably low coercivity in both in-plane and out-
of-plane orientations, and this phenomenon is attributed to the
orientation of the (116)-oriented buffer layer. For the samples
with thicknesses of 75 nm, 150 nm and 200 nm, the coer-
civity in out-of-plane orientation is much higher than that in
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in-plane orientation, which means that BaM thin films ex-

(151 The magnetic anisotropy

hibit perpendicular anisotropy.
of BaM originates from its unique crystal structure, wherein
two BaM molecules within the unit cell are interconnected
through a 180° rotation configuration. This specific arrange-
ment disrupts the symmetry of the BaM crystal unit, thereby
inducing magnetic anisotropy.!!¢ It is observed that the satu-
ration magnetization (M) increases with the thickening of the
film, which is presumably attributed to the enhanced magnetic
properties resulting from the grain growth. The dependence
of in-plane and out-of-plane coercivities (H;) on BaM thin-
film thickness is plotted in Fig. 3(e). With increasing BaM
thin-film thickness, the grain size expands while the number
of crystallites decreases, which results in reduced domain wall
pinning resistance. Consequently, the out-of-plane coercivity
decreases as the film becomes thicker.[!”] As the film thick-
ness increases, the effects from film-substrate interface stress
decrease, leading to deteriorated perpendicular growth orien-
tation, and this causes partial orientation towards the in-plane
direction, consequently enhancing the in-plane coercivity with
film thickening. In the series of BaM thin-film samples, the
BaM thin film with 200 nm thickness exhibits optimal mag-
netic characteristics, achieving the highest saturation magne-
tization (M, = 319 emu/cm?) along with certain coercivity
(H. = 1546 Oe). It can be inferred that as the BaM film
becomes thicker during further growth, the saturation mag-
netization of BaM thin films will increase correspondingly.
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Fig. 3. Out-of-plane and in-plane orientation M—H of BaM thin films with

different thicknesses: (a) 15 nm, (b) 75 nm, (c) 150 nm and (d) 200 nm. (e)

Change of coercivity versus BaM thin-film thickness.

However, due to the structural constraints inherent in thin-film
systems, this value is expected to remain lower than that of
bulk BaM materials (M = 380 emu/cm?).!'8! In addition, the
coercivity will decrease progressively. Furthermore, the in-
evitable stress relaxation accompanying film thickening will
deteriorate the crystallographic orientation, as manifested by
diminished texture quality. These degradations prove detri-
mental to practical applications.

4. Conclusion

The c-axis oriented BaM thin films have been fabricated
by the pulsed laser deposition method on the Al,O3(0001)

substrates. During growth, an approximately 60 nm thick

buffer layer initially forms on the substrate, followed by epi-
taxial growth of c-axis oriented BaM. The buffer layer exhibits
negligible coercivity, while the BaM thin film exhibits strong
perpendicular magnetic anisotropy due to the almost complete
texture with the c-axis orientation normal to the film plane.
With increasing thickness of the BaM thin film, the grain size
increases accompanied by orientation degradation, leading to
enhanced saturation magnetization (M), while reducing out-
of-plane coercivity and increasing in-plane coercivity. The
200 nm thick film achieves optimum magnetic properties of
M, =319 emu/cm? and H, = 1546 Oe.
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