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STRUCTURE AND PHYSICAL PROPERTIES OF Fe-Bi-Pt FILMS IN
METASTABLE STATE

The regularities of formation of FeBiPt metastable film structures obtained by modified three-
electrode ion-plasmas sputtering method (IPS) were researched in this work. X-ray analysis showed
that in the as-deposited films there is formed a mixture nanocrystalline phase (the size of coherent
scattering region L = 2-4 nm) and traces of BiPt and rhombohedral Bi. The film heat treatment in a
vacuum at a temperature above 750 K leads to its oxidation. Heat treatment leads to formation a-Fe
supersaturated solid solution rhombohedral Bi phase and traces of BiPt phase. The temperature
dependence of the resistivity analysis revealed that the Fe-Bi-Pt activation energy of the phase
transitions is EA ~ 7000-13000 K for subject to composition. After heating the Fe-16 at.%Bi-20 at.%Pt
films to the temperatures above 730 K and subsequently cooled to a temperature of 430 K is an abrupt
change in resistance. Analysis of the demagnetization curves showed that the hysteresis of the
magnetization is observed only in the Fe (9 at. %) — Bi (6 at. %) - Pt films.

Keywords: FePt films, ion-plasma sputtering, hard magnetic materials, metastable state.

Y pobori xocaixkeni 3akoHoMipHOCTI dopMyBaHHs MeTacTadiIbHUX cTPYKTYp miiBok Fe-Bi-Pt
OTPUMAHUX MOJAEPHi30BAHHM METOJOM TPbOXeJeKTPOAHOr0 iOHHO-1JIa3M0BOro po3nuaoBanus (IIIP).
B pe3yabTaTi peHTreHOCTPYKTYPHOr0 aHaJIi3y BCTAHOBJIEHO, 10 Y TiIbLKM-HO HanuJeHux miiBkax Fe-
(9-16 ar.%)Bi-(6-20 aT.%)Pt yTBOpI0ETHCS Ccymill HaHOKpucTajdiunoi ¢a3m (po3mip o6maacti
KOTepeHTHOro po3citoBannsi L = 2-4 Hm) ciiniB HepiBHOBaxkHoro Ky6iuHoro Bi. TepmooOpodka B
BakyyMi npu Temmneparypi monaxy 750 K npu3BoauTL 10 OKHC/IeHHS IUIIBKM Ta YTBOPEHHS
nepecuyeHoro teepaoro po3unHy FePt i Buainens ¢a3 pomoGoenpuunoro Bi i cainiB ¢asm BiPt 3
KyO0iuyHOI0 pemiTKo. AHa/Ni3 KPUBHUX TeMIEPATYPHOI 3aJIeXKHOCTI eJIEKTPOONopy ILIBOK /103BOJIMB
BCTaHOBHUTH, 110 /Ui 1iBok Fe-Bi-Pt eHepris akTuBanii ¢paszoBux nepexoais ckiagae EA~7000-13000
K B 3amexnocti Big ckiaany. Ilpu Harpisi miaiBok Fe-16 ar.%Bi-20 ar.%Pt no Temneparypu 6ijibuie
730 K ta nopanbmomy oxonomxenni 1o temneparypu 430 K Bin0yBaerbess crpudkononiona 3mina
€JIeKTPOONOpy. AHaJIi3 KPUBHUX PO3MarHivyyBaHHs ILIiBOK IOKAa3aB, W0 ricTepe3uc HaMArHivyBaHHS
cnocrepiraerbesi TIbKK B iBkax Fe (9 ar. %0) - Bi (6 at. %) - Pt.

KmiouoBi ciaoBa: rtuiisku FeBiPt, ioHHO-Ia3MoOBe pO3MKJIIOBaHHS, MAarHiTOTBEpAi MaTepiaii,
MeTacTaliibHiil cTaH.

B paGore mcciieioBaHbl 3aKOHOMEPHOCTH (OPMHPOBAHNST MeTacTa0MJIbHBIX CTPYKTYDP IJICHOK
Fe-Bi-Pt moJiy4eHHBIX MOJAEPHH30BAHHBIM METOAOM TPEXVIEKTPOAHOI0 HOHHO-IUIA3MEHHOI 0
pacnbuienns (HUIIP). B pe3yiabrare peHTreHOCTPYKTYPHOIO AaHAJIM3a YCTAHOBJIGHO, 4YTO B
CBeKeHANBLIEHHBIX TJIeHKaX Fe-(9-16 aT.%)Bi-(6-20 ar.%)Pt obpa3yertcst cMech
HAHOKPHCTANINYECKOil (a3pl (pa3Mep 00.1acTH KOrepeHTHOro paccessnusi L=2-4 M) u cienos
HepaBHOBECHOro KyoOmueckoro Bi. TepmoofpaGorka B Bakyyme npu Temmeparype Bbime 750 K
NPUBOJUT K OKHCJICHHI0 IUIGHKH M 00pa30BaHHWIO INepechbIlIeHHOro TBepaoro pacteopa FePt m
BbIleJieHuil a3 poméo3apuyeckoro Bi u cienos ¢aspl BiPt ¢ kydnueckoii pemerkoil. AHAIU3 KPUBBIX
TeMIepaTypHOii 3aBHCHMMOCTH 3JIEKTPOCONPOTHBJICHHS] IJIEHOK MO3BOJMJI YCTAHOBHUTb, 4TO JJIs
miaeHok Fe-Bi-Pt sHeprusi axkTuBaumu ¢a3zoBbIx mnepexomoB cocraiaser EA~7000-13000 K B
3aBHCHMOCTH OT coctaBa. [Ipu HarpeBe mienok Fe-16 aT.%Bi-20 at.%Pt 10 Temnepatyps! cBbiie 730
K u nmociaenywomem oxJsa:xkaennu a0 rtemneparypsl 430 K mpoucxoaur ckaukoo0pa3sHoe M3MEHeHHe
CONMPOTHBJIEHHSI. AHAJIW3 KPHUBBIX pPa3sMarHHYMBAHUS IUIEHOK TOKa3ad, YTO THCTepe3nc
HAMarHHYMBaHUs Ha0/01aeTcs TOJABKO B IiieHkax Fe (9 ar. %) - Bi (6 at. %) - Pt.

KiwueBbie ciaoBa: ruieHkn FeBiPt, HOHHO-TIIa3MEeHHOE paCIbUICHHE, MAarHUTOTBEP/bIE MaTepUalibl,
MeTacTabHIIBHOE COCTOSTHHE.
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1. Introduction

Significant interest in investigating FePt and FeBi alloys is due to the
manifestation of a high coercivity and residual magnetization which is typical for high
magnetic materials [1-3]. The manifestation of a high coercivity enables to use this
material as magnetic elements for microelectronic devices and a high-density
information recording systems [4]. Recently research is conducted for improving the
magnetic properties of known magnetic materials by heat treatment and obtaining
conditions influencing on the domain structure. It has also become topical the study of
magnetic samples obtained under non-equilibrium conditions in the film form. Such
films are amorphous or nanocrystalline compounds in which the important role played
by the size effects. These effects have a direct impact on the samples physical
properties. This paper investigates the structure, phase composition and physical
properties of the Fe-Bi-Pt films, as well as the influence of the deposition conditions
and heat treatment on the original structure and properties.

2. Materials and Methods

Studies was carried out on thin films, with compositions (at.%): FeesPtxBis
(CompOSition 1); Fes1PtyyBig (2), FegoPt11Big (3), Fes1PtyBig (4-5) Films with
thicknesses about d ~ 150 - 65 nm was obtained by a modernized three-electrode ion-
plasma sputtering [5] under various deposition conditions. The effective cooling rate for
this method is theoretically estimated as 10" - 10* K/s [6] and associated with the
relaxation of individual atoms on the substrate. Inert Ar was used as the orifice gas. The
film thickness was determined by the gravimetric method by weighing the substrate
before and after spraying.

The deposition of the films was carried out on NaCl single crystals and
pyroceramics (sitall) substrates. The films deposited on NaCl substrates were used for
studies of phase composition in the initial and heat-treated states. The phase composition
was carried out by X-ray analysis using the Debye camera with filtered Co-radiation and
transmission electron microscopy (on the samples received under reduced thickness and
deposition time). The lattice periods were estimated with an accuracy of £ 0.001 nm.

The physical properties and thermal stability were examined for the films deposited
at pyroceramics substrates. The films surface resistivity was measured by four-probe
method with continuous heating in a vacuum about ~ 10 mPa with controlled heating
rates between 4 and 20 K/min. The activation energy calculation of phase transitions was
conducted by Kissinger method [7], by analyzing the phase transition temperature
displacement with heating rate changing. The films coercive force H, was investigated by
vibration magnetometer in the maximum magnetizing field about 0.5 T, with parallel and
perpendicular orientation to the film surface.

3. Results and discussion

X-ray analysis results of the initial and heat treated films are shown in Table. 1. The
nanocrystalline phase FePt (with CSR size L ~4-2.8 nm) trace of cubic Bi and trace of
Bi,Pt were observed in the initial FePtBi films (composition 1-2). After heat treatment in
vacuum at a temperature of 770-780 K we see fcc FePt (¢=0.3769-0.377 nm), traces of
rhomb B, traces of Bi,Pt and there is a grain growth of the nanocrystalline phase (CSR
size increases to 45-30 nm). In the FePtBi films (composition 3-4) as shown X-ray
studies, in the initial state there are a mixture of the nanocrystalline phase (with CSR size
L ~2.1-2.2 nm) and traces of FeO and Bi,Pt. After heat treatment in vacuum at a
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temperature of 770-780 K we saw fcc FePt (¢ = 0.3724 - 0.3707 nm), and equilibrium
rhombohedral Bi phase and traces of FeO (Fig. 1a, b).

Table 1

Freshly deposited and heat-treated films phase composition

Films phase composition

Composition d, o B
(at.%) (nm) € annealing In initial state After heat treatment
temperature
Fe. PLBi NCP of FePt (L=4.0 nm)+ | sypersaturated solid solution of FePt
Cos (12)0 s | 130 780 K trace of Cltl tljal-c E I+1trace | (,=0.3769 nm) + trace of rhomb Bi +
of BizPt trace of Bi, Pt
Fe.. Pt. Bi NCP of FePt (L=2.8 nm) | supersaturated solid solution of FePt
n (2§° % | 150 770 K trace of cubic Bi +trace | (2=0.3770 nm) + trace of Bi,Pt trace
of Bi,Pt of rhomb Bi
o Pt NCP of FePt (L=2.2 nm) superseitgrgt;g:olld sslt:\tlonboll;l:ePt
80° 1= | 150 780 K + trace of Bi,Pt + trace of (a=0. nm) + rhomb Bi
3 FeO (a=0.4679 nm; ¢=11.37 nm) + trace of
Bi,Pt + trace of FeO
FegsPtsBig 120 o 1° fcc FePt (a=0.3707 nm) + rhomb Bi
4) 65 770K NCP of FePt (L=2.1 nm) (2=0.4680 nm; c=11.36 nm) + trace of
®) + trace of Bi,Pt FeO

where: d — thicknesses of film; NCP - nanocrystalline phase; romb Bi - equilibrium rhombohedral Bi phase,
cubic Bi - non-equilibrium cubic Bi phase, L - coherent scattering region size (CSR).
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Fig. 1. X-ray diffraction patterns of FegyPt,;Big films: a) in initial state; b) after heat treatment,
where; + - Bi rhombohedral; A - Bi cubic; - nanocrystalline FePt phase (NCP); * — fcc;  — FeO
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The first section (from 295 K to 550 K) in the Fe-Pt-Bi films is characterized by a
reversible change in resistance. This indicates that in this temperature range phase
transitions does not occur and the sample structure remains stable. The second area is
characterized by an irreversible decrease in the surface resistance in the temperature
range from 550 K to 690 K, which indicates the phase transitions and changes in the film
structure associated with recrystallization processes. At a temperature of ~800 K, the
sample is subjected to strong oxidation. The third region is characterized by a reversible
decrease in resistance during cooling from 770 K to 440 K. There is a instant increase in
resistance (two fold) due to the Bi crystallization by lowering the sample temperature to ~
440 K. The most typical temperature dependence of the surface resistance is shown in
Fig. 2. The Fe-Pt-Bi films (composition 3-5) are characterized precision value of

temperature coefficient of resistance 3-6x10° K™ in initial state.
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Fig. 2. The temperature dependence of the resistivity of FegyPt;;Big film

As a result of the phase transition temperature displacement investigations with the
increase in the heating rate there are the calculation of the activation energy of phase
transformations (E) by Kissinger method. The Fe-Pt-Bi films activation energy is in the
range Ea~7 - 13x10° K, depending on the film thickness and phase composition. The
demagnetization curves analysis (Fig. 3) of the FePtBi (composition 1-2) films did not
show hysteresis characteristics in parallel and perpendicular fields.
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Fig. 3. Demagnetization curve of the film after heat treatment: ° — Fe (d=80 um) A - FegsPtsBig
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The FePtBi films (composition 3-4) are characterized by anisotropy of magnetic
properties. In the perpendicular magnetic field orientation, the films are showing the
weak hysteresis properties. The coercivity does not exceed 0.16 kA/m in the initial state
in parallel fields. Heat treatment at 770 K results in increasing coercivity up to 11 kA/m.

Heating above this temperature leads to the oxidation, which leads to significant
deterioration of magnetic properties. Thus, improvement of magnetic characteristics can
be realized by choosing holding time at a predetermined temperature.

4, Conclusions

The nanocrystalline phase (NCP) formation of the Fe-Bi-Pt films is determined by
using the X-ray analysis. The decomposition of NCP after heat treatment and formation
supersaturated solid solution of FePt leads to an increase in coercivity up to 11 KA/m. The
FegoPt1Big and FegsPtsBig films are characterized precision value of temperature
coefficient of resistance 3-6x10° K™ in the initial state.
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