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STRUCTURE AND PROPERTIES OF PURE Mn, Bi AND MnBi FILMS
IN METASTABLE STATE

The regularities of formation of Bi, Mn and MnBi metastable film structures obtained by
modified three-electrode ion-plasma sputtering method (IPS) were researched. X-ray analysis shown
that in the as-deposited Bi films a mixture of rhombohedral Bi phase (L = 6.5 nm) with traces of cubic
Bi was formed. Heat treatment led to the enlargement of the grains and the complete disappearance of
Bi with a cubic lattice. MnBi films were a mixture of rhombohedral Bi phase and B-Mn in the initial
state. After heat treatment, traces of Bi,Mn and MnO appeared besides those phases. The analysis of
the temperature dependence of resistivity revealed that for pure Mn, Bi and MnBi the activation
energies of the phase transitions were E, ~ 5000 K, E, ~ 8500 K and E, ~ 3500 K respectively. After
heating the Bi and MnBi films to the temperatures above 670 K and subsequently cooling them to a
temperature of 490 K there was an abrupt change in resistance. The analysis of demagnetization curves
showed that the hysteresis of magnetization was observed only in the films containing Bi because of the
assumed manifestations of ferrimagnetic properties of Bi oxide in the non-equilibrium state.
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B paGore wmcciaenoBaHbl 3aKOHOMEPHOCTH (OPMHPOBAHUS MeTACTAOMJIBHBIX CTPYKTYP
mieHok Bi, Mn u MnBi nojiydeHHBIX MOJEePHH30BAHHBIM METOJOM TPeX3J1eKTPOJIHOI0 HOHHO-
miiazMedHoro pacnelienusi (UIIP). B pesyjibTaTe peHTreHOCTPYKTYPHOI0 aHAJIN3a YCTAHOBJICHO,
YTO B CBE)KEHANBUIEHHBIX NJIeHKaX 4yucToro Bi o0pa3syercsi cmech ¢a3 pombéodapuyeckoro Bi
(L=6.5 uM) u caeaoB kyduueckoro Bi. TepmooOpaGoTka mpuBoaHIa K YKPYNHEHHUIO 3epeH H
MOJIHOMY HcYe3HOBeHUI0 Bi ¢ kyOmueckoil pemerkoii. Ilnmenxkn MnBi B mcxogHoM cocrosinuu
npeacTaBisiiin cmech ¢a3 pombodapuyeckoro Bi m B-Mn. Ilociie TepmooGpaGoTku Kpome
ykazaHHbIX (a3 mnosBasikch ciaeabl BiMn m MnO. AHaau3 KpHBBIX TeMIepaTypHOil
3aBHCHMOCTH 3JIEKTPOCONPOTHBIEHHUS MJIEHOK MO3BOJINJ YCTAHOBUTH, YTO IJs YHCTHIX Mn, Bi n
MnBi 3Heprus aktTuBanuu ¢a3oBbIx nepexonos cocrabiasier E,~5000 K, E,~8500 K u E,~3500 K
coorBeTcTBeHHO. IIpu HarpeBe mieHok 4yuctoro Bi u MnBi no temmneparypsl cbime 670 K u
nocjaeayomeM oXJaxkaeHHH 10 Temmnepatypbl 490 K mpomcxoamiio ckaukooOpazHoe H3MeHeHHe
CONMPOTHBJICHUsI. AHAJIH3 KPHUBBIX pa3sMATHHYMBAHHMA IJIGHOK I0Ka3aj, 4YTO THCTepe3Huc
HAMATHUYHMBAHUSA Ha0J10JaeTcsl TOJAbKO B IJIEHKAX cojep:kamux Bi, mockonbKy npeamoJiaraercs
nposiBiieHue ¢peppuUMArHUTHBIX CBOICTB okcuaa Bi B HepaBHOBECHOM COCTOSTHUH.

KuaoueBble ciaoBa: rieHkd MnBi, HOHHO-IIIIa3MEHHOE paclblUIEHHE, MarHUTOTBEPAbIE MaTepuallbl,
MeTacTabHIbHOE COCTOSIHHE.

Y po6orti pocaigkeni 3akoHoMipHOcTI popMyBaHHsI MeTacTaliJbHUX CTPYKTYp miaiBok Bi,
Mn, tTa MnBi oTpumMaHux MOAepHiI30BaHMM MeTOAOM TPBHOXEJIEKTPOJHOI0 iOHHO-IJIA3MOBOIO
posnuaoanda (IIIP). B pe3yabTaTi peHTreHOCTPYKTYPHOro aHajdi3y BCTAHOBJEHO, W0 B
CBiskeHaNMJeHUX MiIiBkax yucroro Bi yreoproerscs cymim ¢a3 pomoéoenpuyunoro Bi (L=6.5 um) Ta
caigiB ky6iunoro Bi. TepmooOpoOka npuBoan/a 10 30i1b1lIeHHS 3epeH Ta MOBHOr0 3HUKHeHHH Bi
3 KyOiuHow pemiTkor. [lniBkn MnBi B mouaTrkoBoMy cTaHi ABJSIIN cyMill ¢a3 poMOoeIPUIHOTO
Bi Ta f-Mn. Ilicis TepmMooOpoOku KpiMm 3a3HavyeHux (a3 3’sBasuiuch caigm Bi;Mn ta MnO.
AHaJli3 KPUBHX TEeMIEPATYPHOI 32JI€:KHOCTI €JIEKTPOONOPY IJIIBOK J103BOJIMB BCTAHOBUTH, 10 JJIS
yuctux Mn, Bi Ta MnBi enepris aktuBauii ¢pasoBux nepexonis ckiaanae E,~5000 K, E,~8500 K Ta
EA~3500 K Binnoigno. IIpu HarpiBi naiBok yucroro Bi Ta MnBi 1o temneparypu oisiibme 670 K
Ta NOAAJBIIOMY O0XO0JIo[AxKeHHI0O A0 Temmnepatypu 490 K BindyBajgacs crpudkonogiona 3mina
eJIEKTPOONopy. AHadi3 KpPHUBUX po3MardHiuyBaHHsi IUIIBOK NoOKa3aB, 10 Tricrepesic
HAMArHiYyBaHHSl CIOCTEPiraeTbcsl TiAbKM B IJiBKaX, iKi MicTATh Bi, ockinbku npunyckaerncs
HasIBHiCTH (pepuMarHiTHuUX BjacTuBocTeil okcuay Bi y HepiBHOBa:kHOMY cTaHi.

KuaouoBi caoBa: miuiBkm MnBi, ioHHO-IITa3MOBE PO3NMIIIOBAHHS, MAarHITOTBEPJi MaTepiay,
METaCTaOUILHUIA CTaH.
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Introduction

Significant interest in studying of MnBi alloys is due to the manifestation of high
coercivity and residual magnetization, which is typical for high magnetic materials [1].
The MnBi ferromagnetic phase presence allows using this material as magnetic elements
for microelectronic devices and high-density information recording [2]. Recently research
has been carried out to improve 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. Such effects have a direct impact on the
physical properties of samples. The paper investigates the structure, phase composition
and physical properties of the Mn, Bi and MnBi films, as well as the influence of the
deposition conditions and heat treatment on the original structure and properties.

Materials and methods

Investigations were carried out on pure Mn, Bi and MnBi thin films with
compositions (atomic %): MnsoBiy;; MnsgBisy; MngoBis;; Mng,Biss. The films with
thicknesses about d ~ 150 - 400 nm was obtained by a modernized three-electrode ion-
plasma sputtering [3] under various deposition conditions (Table 1). The effective cooling
rate for this method is theoretically estimated as 10'* - 10" K/s [4] and associated with
the relaxation of individual atoms on the substrate. Inert Ar was used as the working gas.
The film thickness was determined by the gravimetric method through weighing the
substrate before and after spraying.

Table 1
Conditions of thin film deposition
Mn Bi Mn+41%Bi Mn+44%Bi Mn+51%Bi Mn+58%Bi
d, nm 160 500 380 240 340 150
In, A 1 1 0.8 2 0.8 0.8
Par, mPa 120 120 16 53 16 16
U, kV -2 -2 -2 -2 2 -2
0, eV 20 20 200 100 200 200

where U - target voltage; I - anode current; P,, - working gas pressure (Ar); d - film thickness; ¢ - the kinetic
energy of the deposited atoms.

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
investigation 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 by the quadratic
equations 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
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performed by the Kissinger method, i.e. by analyzing the phase transition temperature
displacement with heating rate changing. The film coercive force H, was investigated by
the vibration magnetometer in the maximum magnetizing field about 0.5 T, with parallel
and perpendicular orientation to the film surface.

Results and discussion

X-ray analysis results of the initial and heat-treated films are shown in Table 2.
Investigations were performed on freshly deposited and heat-treated films with different
thicknesses and obtained at different deposition conditions for studying the structure
formation (for example, at reduced plasma gas pressure (from 120 to 16 mPa), which

increases the energy of deposited atoms).
Table 2
Freshly deposited and heat-treated films phase composition

Phase composition of films
Composition The
(at.%) annealing In initial state After heat treatment
temperature
Mn 770 K B-Mn (L=7.4 nm) (¢=0.688 nm) | P-MD (L’IO‘SE/I%(“’O'@ nm) +
rhomb Bi (L=6.5 nm) s _ )
Bi 650 K (a=0.4552 nm; c=11.83 nm) + | homb Bi (L=8 nm) (¢=0.4515 nm;
cubic Bi + Bi,0; ¢=11.99 nm) + Bi,0;
rhomb Bi (L=7 nm) rhomb Bi (L=9 nm) (¢=0.4679 nm;
Mn+41%Bi 670 K (a=0.4543 nm; c=11.84 nm) + ¢=11.37 nm) + Bi,Mn + B-Mn
cubic Bi + B-Mn (¢=0.6985 nm) (¢=0.703 nm) + MnO
. rhomb Bi (L=6.7 nm rhomb Bi (L=8 nm) (¢=0.452 nm;
Mn+44%Bi 660 K (a=0.462 nm;(c:1 1.8 rm)l) + c=11.22 nmg + B—Mn) ((a=0.697 nm) +
cubic Bi + B-Mn (¢=0.632 nm) MnO
Mn+51%Bi rhomb Bi (L=6.5 nm) rhomb Bi (L=13 nm) (¢=0.4552 nm;
690 K (a=0.4533 nm; c=12.08 nm) + ¢=11.85 nm) + Bi,Mn + B-Mn
cubic Bi + -Mn (¢=0.6292 nm) (¢=0.633 nm) + MnO
rhomb Bi (L=9.5 nm) rhomb Bi (L=11 nm) (¢=0.4538 nm;
Mn+58%Bi 670 K (a=0.39 nm; c=11.91 nm) + ¢=12.05 nm) + B-Mn (¢=0.6328 nm) +
cubic Bi + B-Mn (¢=0.6249 nm) MnO

where romb Bi - equilibrium rhombohedral Bi phase, cubic Bi - non-equilibrium cubic Bi phase, L - coherent
scattering region size (CSR).

In the initial Mn films the nanocrystalline f-Mn phase (with CSR size L ~7.4 nm)
was observed. After heat treatment in vacuum at a temperature of 770 K manganese is
oxidized with the MnO oxide formation, and CSR size of f-Mn phase increases to 10.5 nm.

In the original Bi films there were the mixture of equilibrium rhombohedral Bi phase
(with the CSR size L ~ 6,5 nm), nonequilibrium Bi with a cubic lattice, and traces of Bi,O;
oxide (Fig. 1¢). The heat treatment of the films at a temperature of ~ 650 K leads to the decay
of Bi cubic and its transition to the equilibrium state, and there is an increase of the CSR size
of Bi rhombohedral to L ~ 8 nm. The structure of initial Bi film is shown in Fig. 1a.

In the MnBi films, as shown by electron diffraction and X-ray studies, in the initial
state there were a mixture of the cubic and rhombohedral Bi phases as well as f-Mn
traces. The CSR sizes of rhombohedral Bi phase for various compositions are shown in
Table 2 and are in the range of L ~ 6.5 — 9.5 nm. After heat treatment at temperatures of
670 K there was a grain growth of rhombohedral Bi phase (L ~ 8 - 13 nm) and the change
of the lattice to the values corresponding to the equilibrium state (Fig. 1d). As in the case
of heat treatment of pure Mn and Bi, there were the decay of nonequilibrium Bi and -Mn
phase oxidation. Furthermore, in the MnsgBiy; and MnyyBis; films obtained with the low
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Fig. 1. X-ray diffraction patterns and microstructure of Bi and MnBi films: a) the structure of the
original Bi film; b) the structure of the original MnBis; film; ¢) X-ray patterns of Bi film in initial
and heat-treated states; d) X-ray patterns of MnyyBis; film
where; * - Bi rhombohedral; + - Bi cubic; ° — Bi,Os; ¢ - §-Mn; m — Bi;Mn; o — MnO.

pressure of working gas and the high energy of deposited atoms, after heat treatment there
was intermediate Bi,Mn phase formation. In the Mny,Bisg film obtained under identical
conditions the formation of the intermediate phase does not occur; this may be due to the
relatively low film thickness (150 nm). The typical structure of MnBi film is illustrated in
Fig. 1b. On the X-ray and electron diffraction there is broadening of the diffraction peaks,
which may be associated with the occurrence of internal stresses during the formation of
an intermediate phase.

The thermal stability of the films was investigated by recording the temperature
dependence of the surface resistivity in a vacuum at a constant heating rate. The temperature
dependence of the resistance curves are characterized by a number of characteristic sections.

In the pure Mn films the first section (from 295 K to 600 K) 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 620 K to 700 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 295 K.

In the MnBi films the first section is in the temperature range from 295 K to 570 K.
The second section, showing a phase transition, is about from 570 K to 670 K, and the
third temperature region is about from 700 K to the room temperature.
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The Bi resistivity behavior during heating and cooling is different from the
described above areas. At a temperature of 620 K there is a phase transition associated
with the Bi melting, which is manifested in a relatively sharp decrease in resistance. The
resulting melting point of Bi film is different from the data on the melting point of bulk
samples by about 60 K. There is a instant increase in resistance (two fold) due to the Bi
crystallization by lowering the sample temperature to ~ 480 K. The most typical
temperature dependence of the surface resistance is shown in Fig. 2.
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Fig. 2. The temperature dependence of the resistivity of Bi 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 the Kissinger method. In pure Mn and Bi films the activation
energy is Ex~5x10° K u Ex~8.5x10° K. The MnBi films activation energy is in the range
EA~3 - 5x10° K, depending on the film thickness and phase composition.

The demagnetization curve analysis of the pure Mn films, as expected, did not show
hysteresis characteristics in parallel and perpendicular fields. In Bi films the hysteresis
properties are manifested due to the formation Bi,O; oxide as a result, so the magnetic
moment of the sample is uncompensated. MnBi films are characterized by anisotropy of
magnetic properties. In the perpendicular magnetic field the films show the weak
hysteresis properties. The coercivity does not exceed 2 kA/m in the initial state. Heat
treatment at 720 K leads to an increase in coercivity up to 38 kA/m (Fig. 3). Heating
above this temperature leads to the Mn oxidation, which leads to significant deterioration
of magnetic properties. Thus, improvement of magnetic characteristics can be realized by
choosing the exposure time at a predetermined temperature.
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Fig. 3. Demagnetization curve of the MnyyBis; alloy after heat treatment
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Conclusions

As a result, we can say that with the X-ray analysis and investigation of the
magnetic properties of the Bi films was determined Bi,O; oxide formation, which
contributes to the manifestation of the hysteresis properties. The investigation of the
deposition condition influence on the film structure has shown that the intermediate
Bi,Mn ferromagnetic phase is formed in the case of reduced pressure of the working gas
and relatively high energy of the deposited atoms. The melting point of Bi films produced
under non-equilibrium conditions is shifted by ~ 60 K compared to the bulk samples. Our
investigation of the samples temperature stability has shown that the heating of the MnBi
films to the temperature above 750 K leads to the active Mn oxidation that results in
significant deterioration of the electrical and magnetic characteristics.

References

1. Yang Y.B Temperature dependences of structure and coercivity for melt-spun MnBi
compound /Y.B. Yang, X.G. Chen, S. Guo, A.R. Yan // Journal of Magnetism and Magnetic
Materials. —2013. — V.330. — P. 106-110.

2. Martin P.M. Handbook of deposition technologies for films and coatings 3rd edition //
Elsevier. — 2010, p. 912.

3. Bashev V.F. Structure and Electrical Properties of Ag—W Films in Metestable States.
/V.F. Bashev, F.F. Dotshenko, I.S. Miroshnichenko, V.H. Pasalsky // Physics of Metals and
Metallography. — 1992. — V. 73, No 2. — P. 152-156.

4. Grant W.A. Preparation of amorphous alloys by ion implantation /A. Ali, L.T.
Chadderton, P.J. Grundy// London: Third international conference of rapidly quenched metals. —
1978.

Received 13.07.2013.

99





