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Abstract. Single-crystal 50 and 300 nm thick layers of BaM hexaferrite BaFe12O19 were syn-
thesized by laser molecular beam epitaxy method on α-Al2O3 (0001) substrates. Crystallization 
process was monitored in situ by RHEED and crystal structure was analyzed using three-di-
mensional mapping of diffraction patterns. The film surface morphology was investigated by 
atomic force microscopy. It was shown that the “as grown” structures exhibit hexaferrite 
structure but reveal violation of the long-range order, which is highly improved by the post 
growth annealing. Magnetic properties were studied by magnetooptical polar Kerr effect. Both 
the “as grown” and annealed structures were examined. After annealing, BaM hexaferrite films 
demonstrate square-type out-of-plane magnetic hysteresis loops indicating the presence of 
strong uniaxial magnetic anisotropy and remarkable pinning of domain walls. 
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Аннотация. Монокристаллические слои гексаферрита ВаМ BaFe12O19 толщиной 50 и 
300 нм синтезированы методом лазерной молекулярно-лучевой эпитаксии на подложках 
α-Al2O3 (0001). Исследованы кристаллическая структура, морфология поверхности и 
магнитные свойства как “as grown”, так и отожженных структур.
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Introduction

One of the fundamental limitations hindering the development of modern element base 
for information processing is the release of Joule heat during the transport of charge carriers. 
A possible way to solve this problem is a utilization of magnonic devices based on the use of spin 
waves packets propagating in magnetic nanoheterostructures [1‒3]. In this regard, the problem of 
creating thin film materials in which it is possible to excite, control, and record weakly damping 
spin waves arises. For these purposes, intensive studies of nanostructures based on garnet ferrites 
[4–7], spinel ferrites [8–11], and orthoferrites [11–14] were carried out. 

Promising for microwave applications are M-type hexaferrites, a typical representative of 
which is BaFe12O19 (BaM hexaferrite). The review of synthesis, properties and applications of 
hexaferrites can be found in Ref. [15]. Compared with the mentioned above magnetic garnets, 
spinels and orthoferrites, the hexaferrites have a number of advantages. Magnetization of BaM 
hexaferrite at RT 4πMs ~ 4T is higher than in yttrium iron garnet (YIG) 4πMs ~ 1.7 T and nickel 
ferrite (NFO) 4πMs ~ 3.3 T. The uniaxial magnetic anisotropy field Ha in BaM hexsaferrite is 
about 1.75 T, that is two orders of magnitude higher than in YIG and one order higher than 
that of NFO. Due to high value of Ha the ferromagnetic resonance frequency in BaM hexaferrite 
f = γ(H + Ha − 4πMs), in the absence of an external field H = 0 is about f ~ 36 GHz and linearly 
increases with external magnetic field H. As a result, devices based on hexaferrites can operate 
at frequencies up to f = 60 GHz. Moreover, textured polycrystalline hexaferrites can be created 
with a significant residual magnetization, which in some cases makes it possible to avoid the use 
of external magnets.

Thin films of hexaferrites were fabricated by liquid-phase epitaxy (LPE), pulsed laser 
deposition (PLD), direct current magnetron sputtering, screen printing (SP), and a metallo-
organic decomposition (MO) methods on different substrates (sapphire, Al2O3, MgO, GdGa-
garnet GGG, 6H–SiC). Comparison of films prepared by different methods, presented in [16], 
shows that the films of high crystal quality, prepared by PLD or LPE, show an out-of-plane 
orientation of c-axis and small values of FMR lines widths (~ 30‒60 Oe) but also small values 
of remanence Mr for out-of-plane hysteresis loops. For this reason, for the application of these 
films in microwave devices an external magnetic field is needed. Contrary to that the films of 
lower crystal quality, fabricated by SP [17] or MO [18], have high hysteresis loop squareness 
(Mr/Ms ~ 0.9), showing realization of self-bias effect, but large values of FMR line width. So, an 
obtaining a hexaferrite films with high crystal quality and high self-bias values is very desirable. 
Note that epitaxial films of BaM hexsaferrite with in-plane orientation of easy axis and “self-
bias” effect were synthesized by direct current magnetron sputtering on α-plane (11-20) of single-
crystal sapphire substrates [19].

This paper reports on the growth of single-crystaline layers of hexaferrite (BaFe12O19) by laser 
molecular beam epitaxy on sapphire α-Al2O3 (0001) substrates and the study of their structural 
and magnetic properties.

Materials and Methods

Thin films (thickness d ~ 50 nm and 300 nm) were grown using laser molecular beam 
epitaxy (MBE) method on α-Al2O3 (0001) substrates with an installation produced by “Surface, 
GmbH”. The films were grown in an oxygen atmosphere at a pressure of P = 0.04‒0.06 mBar 
at growth temperatures of Tgr = 750‒1000 ̊ C. The flow of matter onto the substrate was created 
by ablation of a stoichiometric BaFe12O19 (Ba-hexaferrite M-type) target by a KrF excimer laser 
with a wavelength of 248 nm. The growth process was continuously monitored by reflection high-
energy electron diffraction (RHEED). To analyze the RHEED patterns, the method of three-
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dimensional mapping of diffraction patterns was applied. As a result of φ-2φ scanning with a step 
of 0.01 degrees in φ, a series of 900 images was measured, from which a 3D map of the reciprocal 
space was obtained using the software. For our study we used both the as-grown structures and 
structures after annealing procedure. For post growth annealing, after preparation the samples 
were removed from the growth chamber and annealed up to 2 hours in air at the temperature of 
1000 °C. Table 1 shows some parameters of presented in this work structures.

Table 1
Sample number, thickness of hexaferrite layer, growth temperature Tgr, oxygen pressure P, annealing 

time tann, and annealing temperature Tann of presented in this work BaM hexaferrite structures

Sample, № Thickness, nm Tgr, °C
Oxygen pressure P, 

mBar
Annealing time, min., 

and Tann, °C
8940А 50 850 0.004 No
8940В 50 850 0.004 120, 1000
8944 50 950 0.06 No
8947 50 1000 0.06 No

8948А 50 750 0.06 No
8948В 50 750 0.06 10, 1000

8948В+ 50 750 0.06 20 , 1000
8948С 50 750 0.06 60,  1000

8948С+ 50 750 0.06 120,  1000
8949 50 925 0.06 No

8954А 300 750 0.06 No
8954В 300 750 0.06 60, 1000

Magnetic hysteresis loops for out-of-plane orientation of magnetic field H (up to  20 kOe) 
were studied using magnetooptical polar Kerr effect by measuring the polarization plane rotation 
 of linearly polarized light (λ = 405 nm) practically normally reflected from the film surface. 
Polarization modulation with Faraday cell was used to increase the measurements sensitivity 
(δ ~ 1 sec. of arc).

Results and Discussion

BaM hexaferrite layers grown at temperatures of 700–850 °C show RHEED images 
corresponding well to the bulk-BaM structure (Fig. 1, left). However, the enlarged width of the 
streaks and chaotic distribution of the streak intensity in these patterns indicate relatively low 
crystalline quality of the grown films. It is also seen that every second streak has a much higher 
intensity, which indicates a strong violation of the long-range order. In addition, it is worth 
noting that the RHEED patterns do not strongly depend on the O2 pressure in the range of 
0.005–0.05 mbar. 

In contrast to that, the films grown at 700‒850 °С and then annealed in air at 1000 °С show 
the RHEED images perfectly modeled by the bulk BaM lattice (Fig. 1, center). It can be seen 
that the number of reflections and the signal-to-background ratio are much better compared to 
the non-annealed samples. All streaks have the same intensity, which indicates the presence of 
good long-range order.

It was found that the samples grown at temperatures of 900‒1000 °С are very different as 
compared to those grown at lower temperatures. RHEED patterns from such samples are well 
modeled by the α-Fe2O3 lattice (Fig. 1, right). The formation of α-Fe2O3 is most likely associated 
with resputtering (desorption induced by impinging particles) of Ba ions at high temperatures. 
The account of resputtering process can explain the effect of 1000 °C annealing on crystal quality 
of films grown at low temperatures. In films grown at Tgr = 700‒850 °С the resputtering is small 
and Ba ions are distributed more or less homogeneously inside of hexaferrite film. The annealing 
results in redistribution of Ba positions and occupation by Ba ions of places corresponding to 
BaM crystal structure that leads to formation of high crystal quality BaM layer with improved 
magnetic properties (see below). The growth of films at 1000 °C is followed to disappearance of 



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.1

366

Fig. 1. 3D reconstruction of RHEED data for BaM films N8954A grown at 800 °C (left), N8954B 
grown at 800 °C and annealed for 1 hour at 1000 °C (center) and N 8947 grown at 1000 °C (right) in 
the same scale; green and red dots are a model lattice calculated using parameters of bulk BaM crystal. 

Films in left and central panels have thickness ~ 300 nm and in left panel ~ 50 nm

Fig. 2. Magnetic hysteresis loops measured by MOKE in “as grown” films N 8944, 8947, 4948, 
8949 (a). Effect of 120 min 1000 °С annealing in 8940 film (b). Effect of annealing time tann on 

hysteresis loops in film N 8948 (c, d)

a)

c)

b)

d)

Ba ions from film and to formation of α-Fe2O3 structure.
Most of “as-grown” BaM films do not reveal any hysteresis magnetic loops in out-of-plane 

magnetic field. Only structures N 8944 and 8949 grown at Tgr = 950 and 925 °С shows small and 
wide (Hc ~ 7 kOe) hysteresis loops (Fig.2, a). 

Annealing leads to a sharp change in the hysteresis loops. Fig 2, b illustrates this fact on 
example of the “as grown” (N 8940A) and annealed (N 8940B) at 1000 °С during 120 min 
parts of the same film. After annealing, an almost rectangular loop (Mr/Ms ~ 1, Mr and Ms 
are remnant and saturated magnetization correspondingly) is observed with a coercive field 
Hc = 2.5 kOe. The effect of annealing on the magnetic properties of the films was observed in 
all structures grown at Tgr = 700–850 °С. The effect of annealing time tann on shape of hysteresis 
loops is presented in Fig.2, c. Even 10 minutes annealing results in the appearance of a hysteresis 
loop. An increase of tann leads to an increase of both the magnitude of PMOKE in saturation 
and Mr/Ms ratio (Fig. 2, d), but does not change the coercive field value Hc = 2.5 kOe. The 
jumps in the magnetization at H =  Hc are obviously caused by the formation of domains 
with the opposite orientation of the magnetization and the motion of the domain walls.  
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Relatively high values of Hc in our structures indicate that domains in BaM layers are pinned on 
defects in contrast to films prepared in [16].

Conclusion

The study showed that thin layers of BaM hexaferrite obtained by laser molecular beam 
epitaxy on sapphire (0001) substrates demonstrate well-ordered BaM crystal structure after post-
growth annealing in air at 1000 °С of the samples grown at Tgr = 700–850 °С. The observation of 
rectangular loops in the fabricated BaM structures indicates the presence of a strong out-of-plane 
uniaxial magnetic anisotropy, which makes it possible to realize a saturated magnetic state with 
an out-of-plane orientation of magnetization in the absence of an external magnetic field H. This 
may be of interest for the creation of UHF microwave devices that use bulk spin waves for the 
operation. Future studies of these structures will focus on XRD crystal structure measurements, 
VSM magnetization studies, and FMR spectroscopy.
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