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Ilocmosannoe cosepuieHcmeosaniie biCOKOMEXHONO2UUHBIX NPUOOPO8 mpebyem Oom HAYKU NOCMOAHHO2O0
pazeumusi MexHoNo2ull U NOUCKA HOBbIX Mamepuanos. Ha cecoonsuunuii oenv paszsumue obracmu mazHemusma
00Cmu2no OYeHb WUPOKUX 3HAHUL, YMO NO360JUNO CO30AMb U USYYUMb MHONCECMBO UCKYCCMBEHHbIX
Geppomaznumuslx Mamepuanos, Komopule yiice cetiuac akmuHo NPUMeHAIOMcs 8 Hayke u mexHuxe. Ilocreonue
HayuHble 3HAHUS NOKA3bI8AIOM, UIMO OOUH U MOM Jice MAMepudl 8 pasiuyHoM COCMOSHUU MOdICem NPOAGIAMb
PpasHbie diexmpuiecKkue, MasHumusie ceoticmea. Tax @ cogpementwvix npubopax aKxmueHo NPUMEHsIIOMCs MOHKUEe
MaenumHble naeHku. Duauueckue npoyeccvl 8 MOHKUX WIEHKAX NpomeKaem uuave, 4YeMm 6 MACCUBHBIX
Mamepuanax. B pezynomame nieHOYHble dAeMEHMbl UMEIOM XAPAKMEPUCTUKY, OMAUYHbIE OM XAPAKMEPUCHUK
MACCUBHBIX 00PA3YO8 U NO360TAIOM HAOIIO0Amb 3hghexmpl, He CB0UCMEEHHble MACCUBHBIM obpasyam. [lnenxka —
9MO MOHKUL CIOU CEA3AHHO20 KOHOEHCUPOBAHHO2O GeUleCmed, MOIWUHA KOMOPO2O CPABHUBAEMCS C
paccmosHuem Oelicmeuss NOBEPXHOCMHbIX CUL, Npeocmasnaem coOou mepMoOUHAMUYECKU CMAOUTbHYI0 U
MemacmaduIbHyI0 4acme 2emepo2eHHOU cucmemsl «NIeHKa — noonodickay. lanvhetiuee u3yueHue nieHOYHbIX
CMPYKMYyp Npueeo K CO30aHUI0 U UCCTe008AHUI0 MHOLOCIOUHBIX MASHUMHbBIX cucmeM. B maxux cmpyxmypax
603MOJICHO NPUCYMCMBUE KAK CA0EG PA3TUYHBIX (eppOMACHUMHBIX MAMEPUanos, max u HegeppomacHumHsix
NpOCiOeK, a CBOUCMBA MHOSOCNIOUHBIX CUCHEM MOZYM 3HAYUMENIbHO OMJAUYAMbCA OM CEOUCME 100020 U3
KOMROHEHmMOo8 cucmembvl. [ npaKkmuKky 5mu Mamepuaibl maxice UMerom MHOJICEeCMBE0 NPUMEeHeHUll, 6 mom
yuce, paouocsssb U 2e01020pazeedkd. B nawem sxcnepumenme memooom MoAEKYAAPHO-IYHe80l INUMAKCUU NPU
coemecmnom ocadcoenuu Fe u Si cunmesuposanvl eppomacnummusie monxue niewxu cumuyuoa FesSi. Ha
noonoocke SiOx/Si(111) Oviria noayuena noaukpucmaniuyeckas niewka cuauyuoa, a Ha Si(111)7x7 —
Monokpucmaniudeckas. Cmpykmypa Ovina uUccie008anHa ¢ NOMOWbIO OUPDPAKYUU OMPANCEHHBIX ObICIPBIX
INeKMPOHO8 HEeNoCpeoCmEeHHo 8 npoyecce pocmda. Memodom @eppomacnummnozo pezonanca Oblia u3yyeHa
MASHUMHASL  AHU3OMPONUSL  NOTYYEHHbIX 00pa3yos. Ycmanoeneno, 4mMo NOAUKPUCTIANIUYECKAs NIeHKd
xapakmepuzyemcsi 0OHOOCHOU MASHUMHOU anuzomponuetl, komopas cocmasisem 13.42 D u ¢gopmupyemcs 6
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High-tech devices improvement requires development of technology and search for new materials from
science. Currently, the development of the magnetism research field has reached a very broad knowledge, making
it possible to create and study a variety of artificial ferromagnetic materials, which are already actively used in
science and technology. The latest scientific knowledge shows that the same material in different states can
exhibit different electrical and magnetic properties. Thus, thin magnetic films are actively used in modern devices.
Physical processes in thin films proceed differently than in bulk materials. As a result, the film elements have
characteristics that differ from those of bulk samples and make it possible to observe effects that are not
characteristic of bulk samples. A film is a thin layer of a bound condensed substance, the thickness of which is
compared with the distance of surface forces action; it is a thermodynamically stable or metastable part of a
heterogeneous film-substrate system. Further researsh of film structures led to the creation and study of
multilayer magnetic systems. In such structures, the presence of both various ferromagnetic materials layers and
non-ferromagnetic interlayers is possible, and the multilayer systems properties can differ significantly from the
properties of any system components. These materials also have many practical applications, including radio
communications and geological exploration. In our experiment, ferromagnetic thin films of FesSi silicide were
synthesized by molecular beam epitaxy with co-deposition of Fe and Si. A polycrystalline silicide film was
obtained on a SiO,/Si(111) substrate, and a single-crystal film — on Si(111)7x7. The structure was investigated
using the diffraction of reflected fast electrons directly during the growth process. The magnetic anisotropy of the
obtained samples was studied applying the method of ferromagnetic resonance. It was found that the
polycrystalline film is characterized by uniaxial magnetic anisotropy, which is 13.42 Oe and is formed as a result
of “oblique” deposition, whereas the magnetic anisotropy for a single-crystal FesSi film is formed to a greater
extent by internal magnetocrystalline forces.

Keywords: magnetic anisotropy, ferromagnetic films, FesSi, molecular beam epitaxy.

Introduction

One of the key issues for realizing spintronic applications is the production of high-quality epitaxial
ferromagnets with high spin polarization on semiconductor substrates. Hybrid structures consisting of
alternating metallic and semiconducting layers are of great interest for modern spintronic devices. Important
aspects of the layered material system applicability are stable magnetism in close proximity to interfaces and
a suitable states density at the Fermi level, which, however, are highly dependent on the interface structure.
Spin polarization indicates its quality for transport devices.
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Iron-based systems are also of interest in the scientific community. Spin injection of more than 30% was
measured for Fe / GaAs (001) [1], as well as 10 % for FesSi / GaAs (001) [2; 3]. Since the atomically clean
GaAs (110) surface is not reconstructed [4], epitaxial growth is possible for both Fe and quasi-Geusler FesSi,
for which the lattice mismatch amounts to only 0.1 % [5].

Silicide FesSi is a ferromagnetic material that can be a promising candidate for the injection of spin-
polarized electrons from a ferromagnet into a semiconductor [2]. For FesSi / GaAs heterostructures, the
structural, transport, and magnetic properties have been studied [6-9]. For epitaxial FesSi films grown on
GaAs (001) by MBE, the magnetotransport properties were studied mainly by applying a current along the
hard magnetization axis, i.e, along the [110] crystallographic axis, which is the direction of easy cleavage for
GaAs (100) [10].

Numerous studies show that depending on the crystal structure of the interface films in layers, the same
material has different properties, which determines their future use, as well as the development of
technologies for their synthesis and processing. The anisotropic magnetoresistance for FesSi showed that the
resistivity in a field perpendicular to the current was greater than the resistivity in a field parallel to the
current. It is known that in single crystals the direction of the current and magnetization relative to the crystal
axes affects the behavior of the magnetoresistance [11].

Crystals orientation in thin magnetic films is closely related to both their physical and magnetic
properties. Textured magnetic materials often exhibit much better characteristics such as easy magnetization,
high magnetostriction and excellent squareness in the B — H magnetization loop, flux density plot, B, for
various magnetic field strengths, H [12-15]. This information makes it possible to create microelectronic
devices, including radio communications, with higher accuracy and sensitivity for practical use.

In our work, we investigated the magnetic properties, including the in-plane magnetic anisotropy, for
FesSi silicide films with polycrystalline and single-crystal structures.

Experiment

Polycrystalline and epitaxial FesSi films were obtained applying molecular beam epitaxy with the joint
deposition of iron and silicon. For the films obtained, the magnetic anisotropy was studied using the method
of ferromagnetic resonance (FMR), the contributions of unidirectional, uniaxial, cubic, and hexagonal
anisotropies to the resulting value were determined, as well as the high-frequency (microwave) magnetic
characteristics of all the films under study: the width of the ferromagnetic resonance line, the effective
saturation magnetization, and the values of ferromagnetic resonance for a given pumping frequency.

The synthesis of the samples was carried out in an "Anagara" ultrahigh-vacuum molecular-beam epitaxy
unit, with the base vacuum of 1.3 x 10® Pa. The deposition was carried out by the method of thermal
evaporation from effusion Knudsen cells from two sources simultaneously, the so-called coprecipitation, of
iron and silicon in atomic proportions

Fe: Si = 3:1. The film formation process was monitored by the method of high-energy reflected electron
diffraction (RHEED).

Crystalline structure

In the course of the experiment, a polycrystalline FesSi film with a thickness of 40 nm was obtained. It
was synthesized at room temperature on a Si (111) substrate coated with a SiO, oxide layer about 1.5 nm
thick. Fig. 1 shows a RHEED pattern for this structure.
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A

Puc. 1. Kapruna JIOBD or menku FesSi xa SiOf Si(111)

Fig. 1. RHEED pattern on FesSi/SiO,/ Si(111)

The obtained diffraction pattern contains reflections in the form of concentric Debye rings, as well as
sectors of the rings. This geometry of the diffraction pattern corresponds to a polycrystalline structure with a
certain texture.

Fig. 2 shows the diffraction pattern of reflected fast electrons from FesSi films 40 nm thick, obtained on a
7 x 7 Si (111) substrate at room temperature.

Puc. 2. Kaptuna IOBD ot mienku FesSi/Si(111)7x7

Fig. 2. RHEED pattern on Fe;Si/Si(111)7x7

This diffraction pattern contains reflections in the form of points elongated in the vertical direction. This
geometry of the pattern corresponds to a single-crystal structure of a film with an island surface morphology.
The analysis of the diffraction data also shows that FesSi films on Si (111) 7 x 7 are formed epitaxially.

Study of magnetic anisotropy

For both films, the magnetic anisotropy was investigated by the method of ferromagnetic resonance. Fig.
3 shows the angular dependences of the ferromagnetic resonance field, obtained on a scanning ferromagnetic
resonance spectrometer at the pump frequency 3.329 GHz [16].
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Puc. 3. YrioBsle 3aBUCHMOCTH 1T0JIs HepPPOMArHUTHOTO PE30HAHCA IS TIONUKPUCTAIINYECKO#H ieHKu FesSi (a);
MOHOKPHCTAJUTHYECKOH ITeHKH FesSi (6) (Kpyr — 3KCriepuMeHTaIbHbIE JaHHbIE, JINHUS — PacueTHas KpHBast)

Fig. 3. The angular dependences of the ferromagnetic resonance field for polycrystalline FesSi film (a);
a single-crystal FesSi film (b) (circle — experimental data, line — calculated curve)

According to this dependence, based on the phenomenological model, the following characteristics for the
obtained film were calculated applying the iterative technique [17] (Table 1): effective saturation
magnetization Ms, unidirectional anisotropy field Hyi, uniaxial anisotropy field Hy,, and cubic anisotropy
field Hya. Based on the ferromagnetic resonance data the FMR line width in the direction of the easy
magnetization axis AHema Was also determined (Table 1).

Table 1
Magnetic characteristics of films Fe;Si

FesSi/SiO./Si(111) FesSi/Si(111)7x7
Polycrystalline Single-crystal
Ms, Hs 1235,5 1227,2
Hii, Oe 0,48 0,17
Hiz, Oe 13,42 73,16
Hy4, Oe 0,23 310,58
AHOHH, Oe 33,5 7,7

Based on the data analysis, it was found that the polycrystalline film is to a greater extent characterized
only by uniaxial anisotropy, which is approximately 28 times higher than other components. The formation
of predominantly uniaxial anisotropy is most likely caused by the deposition of the material at the angle to
the substrate surface, the so-called "oblique" deposition [18].

For a single-crystal FesSi film on Si (111) 7 x 7, the same magnetic characteristics as for polycrystalline
samples were determined (Table 1), but according to the method [19] adapted for single-crystal structures.

From the data obtained (Table 1), it can be seen that the single-crystal film is dominated by the cubic
magnetic anisotropy Hua, which is more than four times greater than the uniaxial component Hy.. This fact
shows and justifies our film to posess a single-crystal structure. In turn, the uniaxial anisotropy for a single-
crystal FesSi is more than 5 times stronger than for a polycrystalline sample. To determine the exact nature
of such differences, additional studies of the structural and magnetic properties of all elements of our sample
are required. However, most likely, this is caused by the several factors: misorientation of the substrate
surface, "oblique™ deposition, and internal forces in a single crystal.
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Conclusion

Poly- and single-crystal FesSi silicide films on Si (111) substrates were obtained by molecular beam
epitaxy. The magnetic anisotropy was studied applying the method of ferromagnetic resonance. It was found
that the polycrystalline film is characterized by uniaxial magnetic anisotropy, which is 13.42 Oe and is
formed as a result of "oblique” deposition, while the magnetic anisotropy for a single-crystal FesSi film is
formed mostly by internal magnetocrystalline forces. The presented results show that by varying the crystal
structure of one material, it is possible to change its magnetic properties and, therefore, employ in various
applications, for example, in spintronic devices or sensors of weak magnetic fields.
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