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STRUCTURE AND PHYSICAL PROPERTIES OF Mn, Bi, MnBi AND MnBiCr
FILMS OBTAINED BY ION-PLASMA SPUTTERING

The regularities of formation of Bi, Mn, MnBi, and MnBiCr metastable film structures obtained
by modified three-electrode ion-plasma sputtering method are investigated. X-ray analysis shows that
in the fresh sputtered Mn films a mixture of -Mn (the size of coherent scattering region L = 7.5 nm)
and oxide MnO is formed. Initial Bi film is a mixture of rhombohedral Bi phase (L = 6.5 nm) and
traces of metastable bce-Bi. Heat treatment leads to the enlargement of the grains and the complete
disappearance of bcee-Bi. MnBi films are a mixture of rhombohedral Bi phase and B-Mn in the initial
state. After heat treatment, besides those phases traces of Bi,Mn and MnO appear. Addition of the
barrier component of Cr prevents the formation of oxide MnO in the film. The activation energy of
MnBi films are in the range of E, ~ 3500 - 5000 K. After heating the Bi and MnBi films above 670 K
and subsequently cooling to the temperature of 490 K there is an abrupt change in resistance. The
analysis of the demagnetization curves shows that the hard magnetic properties are observed only in
films containing the Bi,O; phase.

Keywords: MnBi films, ion-plasma sputtering, hard magnetic materials, metastable state, temperature
coefficient of resistance.

Jlocinskeno 3akoHoMipHOCTi popMyBaHHsI MeTacTadiIbHUX cTPYKTYp maiBok Bi, Mn, MnBi Ta
MnBiCr, oTpuMaHMX MOJEpPHI30BAHHM  METOJOM  TPBHOXEJEKTPOAHOI0  iOHHO-IIA3MOBOIO
po3NUIIOBaHHsA. 32 pe3yJbTaTaAMU PEHTTeHO(a30BOro aHa i3y y CBiXKOHANMJIEHHHX ILTIBKaX 4MCTOro
Mn yrBoproerbest cymim B-Mn (po3mip obsacti korepenTHoro posciroBanns L = 7,5 um) Ta okcuay
MnO. B mnuaiBkax Bi yrBoproerbes cymim ¢a3 pomooenpuunoro Bi (L=6.5 nm) Ta cainiB
mertacradiibHoro OLIK-Bi. Tepmoo6podka mpu3BoAMTEH 0 30i/IbLIEHHS 3epPeH Ta MOBHOTO PoO3Maxy
OIIK-Bi. Itiskn MnBi B moyaTkoBOMYy cTaHi npeacTaBiasiOTH cymim ¢a3 pomGoenpuunoro Bi Ta B-
Mn. Hicas TepmMoo6podku KpiM 3a3HaueHuX ¢a3 3’sBiasioThes caigm Bi,Mn ta MnO. /lonaBaHus 10
ckJaay miiBok 6ap’epHoro Cr nmepemkomxae yreopennio okcuay MnO. Ilpu HarpiBi miiBok uncroro
Bi Ta MnBi Bume 670 K Ta momaiabmomy oxosomxenHi no temneparypu 490 K BinOyBaerncs
cTpHOKONOAiOHA 3MiHA eJeKTpoomopy. AHaji3 KPHBHX pO3MATHiYYBaHHsl ILIBOK IOKAa3aB, IO
MAarHiTOTBepAi BJaCTHBOCTI CIOCTePiraloThes TILKHU B ILTIBKaX, sIKi MicTaTh a3y Bi,0;.

KmrouoBi ciaoBa: miiBku MnBi, i0HHO-IIa3MOBE pO3NMIIOBAHHA, MAarHiTOTBEpAl MaTepiai,

MeTacTabiNbHIN CTaH, TeMIepaTypHHN KOe]ilieHT eIeKTPOOIopY.

HcciienoBanbl 3aK0HOMepHOCTH (GOPMHPOBAHUS METACTAOWILHBIX CTPYKTYp miieHok Bi, Mn,
MnBi u MnBiCr, nojy4yeHHbIX MOJAEPHH3MPOBAHHBLIM METOIOM TPEXIEKTPOIHOr0 HOHHO-
IUIa3MeHHOro pacnblieHns. Ilo pe3yabTaTaM peHTreHo()a3oBOro aHajIM3a B CBe/KeHANbLIEHHBIX
mienkax Mn o6pa3syercs: cmech a3 B-Mn (pasmep obiracTu korepeHTHOro paccesinust L = 7,5 um) u
okcuga MnO. B ucxoanbix mienkax Bi odpasyercs cmech a3z pomoosapuyeckoro Bi (L = 6,5 um) u
caenoB MeractabuiabHoro OLIK-Bi. TepmooGpaGoTka NpHBOAMT K YKPYNHEHHMIO 3epeH H MOJHOMY
pacnagy OLK-Bi. Ilnenkm MnBi B HCXOZHOM COCTOSSHUM NPEICTABJIAIT cMech (a3
pombodapuyeckoro Bi u B-Mn. ITociie TepmMooGpadoTKn KpoMe YKa3aHHBIX (a3 MOSBJISIIOTCH CJIebl
Bi;Mn u MnO. /lo6aBiieHue B cocTaB MIeHOK OGapbepHoro Cr mpensircTByeT 00pa30BaHHI0 OKCHAA
MnO. Ilpn narpese mieHok uuctoro Bi m MnBi Beime 670 K u mociaenywomem oxjaaxaeHUd A0
Temneparypbl 490 K mnpoucxoauT ckaukoo0pa3Hoe H3MeHEHHE CONPOTHBJIEHHS. AHAJIM3 KPHBBIX
Pa3MarHMYMBaHHS TJIEHOK TMOKAa3aJ, 4YTO MarHHTOTBepAble CBOWCTBAa HAOJIOIAIOTCH TOJBKO B
IUIEHKAX, cofepxamux ¢paszy BiOs.

KarwueBble cioBa: ruieHkn MnBi, HOHHO-IIIa3MEHHOE pacHbUICHHE, MarHUTOTBEP/bIC MaTepHabI,
METacTabMIIbHOE COCTOSHHE, TEMIIEPaTypPHbIH KOI(PPHUIHESHT JIEKTPOCONPOTHBIICHHUSL.
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1. Introduction

Bulk materials based on MnBi system with a certain proportion of the low-
temperature ferromagnetic MnBi phase are widely known for their magnetic properties
and used in plastic magnets [1]. Preparation of such magnetic material in the film form
was of special interest. Films based on MnBi can give any form and sizes. There are main
advantages of films over bulk materials.

Because of oxidation in air, the significant deterioration of magnetic characteristics
of MnBi film was manifested. In thin films, the contents of ferromagnetic MnBi phase
could be significantly reduced due to MnO formation. In most cases the layering
deposition is applied as protective coating to prevent the magnetic film oxidation. Also,
you can use an additional component, which prevents the oxidation and may lead to a
significant improvement of physical properties. Selection of such component was a major
problem of this work.

In addition to the MnBi system, there is a well-known Bi-magnetic compound with
chromium. The applications of this compound are limited by the specific technological
areas due to the synthesis difficulties. Preparation of such compounds was possible under
extremely non-technical conditions by physical vapor deposition (PVD)[2].

The chromium has a high melting point and CrO oxide prevents the further surface
oxidation. This component reacted with a low-melting Bi and forms several intermediate
phases with Mn. Moreover, chromium has similar magnetic properties with manganese.
Even at relatively low temperatures, Mn and Cr are antiferromagnets.

In this work, the MnBi film structure and physical properties, temperature and
corrosion resistance, and the influence of added chromium component are studied.

2. Materials and methods

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 investigated 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 film surface resistivity was measured by the four-probe
method with continuous heating in vacuum of 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 [3], by analyzing the phase transition temperature
displacement with heating rate changing. The film coercive forces H. were measured by a
vibration magnetometer in the maximum magnetizing field about 0.5 T, with parallel and
perpendicular orientation to the film surface.

In this paper, the objects of research were the Bi, Mn, MnBi and MnBiCr films.
The compositions and deposition conditions are shown in Table 1. The film thicknesses
were about 150-900 nm.

The film deposition was performed by the modernized ion-plasma sputtering PVD
in vacuum. The targets were placed directly on the sputtered surface of certain component
parallelepipeds [4]. The effective cooling rate was estimated as 10'>-10" K/s and
associated with the individual atoms relaxation time on the substrate [5].
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3. Results and discussion

The transmission electron microscopy (TEM), XRD and CSR analysis showed: A) In
freshly deposited Mn films there was a mixture of -Mn nanocrystalline phase (CSR size L
~ 7.4 nm) and MnO oxide. The significant Mn oxidation and MnO formation were
observed under heat treatment in vacuum at the temperature about 770 K.

Table 1
Conditions of thin film deposition
Film compositions d, nm I, A P4, mPa U, kV @ (eV)

Mn 1000 2 53 2 100

Mn 160 1 120 2 20

Bi 900 0.8 16 2 200

Bi 500 1 120 2 20
MnsoBiy; 380 0.8 16 2 200
MnseBiyy 240 2 53 2 100
MnyyBis; 340 0.8 16 2 200
MnyyBis * 880 2 53 2 100
Mny,Bisg 150 0.8 16 2 200
MnyeBi7Cr3; 490 2 53 2 100
Mng;Bi;5Crp, 360 1 120 2 20
MnggBiysCr; 280 1 120 2 20

Note: d — film thickness; I4 — anode current; P, — working gas pressure (Ar);

U - target voltage; ¢ — the kinetic energy of the deposited atoms

B) In the original Bi films the mixture of Bi equilibrium with a rhombohedral lattice
(L ~ 6.5 nm) and Bi non-equilibrium with a cubic lattice, as well as Bi,O; phases were
formed (Fig. 1a). The film heating to a temperature above the melting point (~770 K) and
subsequent cooling lead to Bi transition to the equilibrium state and grain growth to ~8 nm.

C) The original MnBi films were the mixture of rhombohedral and cubic Bi phases
and the B-Mn phase (Fig. 1b). In the rhombohedral Bi phase, the CSR sizes were L ~ 6.5-
9.5 nm. This parameter depended on the deposition conditions and film thicknesses. When
working gas pressure was increased and therefore the atom energy decreased, the CSR size
of Bi phase was decreased too. However, when the film thickness was increased there was
the opposite effect. The film heat treatment at a temperature about 670 K lead to the
intermediate Bi,Mn phase and MnO oxide formation. The Bi,Mn phase was formed in
films with higher contents of Mn than Bi. The nonequilibrium phase of Bi with a cubic
lattice was stabilized. The rhombohedral CSR size of Bi increased to L ~ 11-13 nm.

D) In the initial MnBiCr films rhombohedral Bi phase (L. ~ 7 nm) as well as Bi traces
and B-Mn cubic phases were detected. Cr was in a solid solution as evidenced by the Bi
lattice parameter change (a/c = 0.32). After heat treatment at about 710 K the Bi lattice
parameter approached to the tabulated values (a/c = 0.4). There was an increase of the
rhombohedral CSR size of Bi to L ~ 8-9 nm. In addition, there were traces of CrO oxide. In
contrast to MnBi films without Cr, in the MnBiCr film Mn oxidation was not observed.

Investigations of film temperature dependences of resistivity during heating and
cooling showed that the curves could be divided into five main sections (Fig. 2). At the
first stage, the heating of Bi films to about 550 K leads to a gradual decrease in
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resistivity. At the second stage, depending on the composition and the heating rate, there
was a sharp decline in resistance, which displays the recrystallization and phase transition
processes. Upon further cooling, electrical resistivity remains constant up to a certain
temperature (~ 480 K).
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Fig. 1. X-ray diffraction patterns of Bi and MnBi films: a) X-ray patterns of Bi film in initial and heat-
treated states; b) X-ray patterns of MnyBis; film
where: * - Bi rhombohedral; ¢ - Bi cubic; o — Bi;O;3; * - B-Mn; A — Bi;Mn; 0 — MnO.
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Fig. 2. Temperature dependences of the resistivity of Bi (a); MnS1Bi (b); Mn25Bi7Cr (c)
at the heating rate 9 K/min.

In this area, there was almost doubled sharp increase in resistance. For the Bi and
MnBi films this temperature was about 490 K, and for MnBiCr — about 440 K. There was
a further increase in electrical resistance at the last step.

When the films were heated to a temperature below 670 K and then cooled, there
was no sharp change in resistance. This temperature was comparable to the Bi phase
transition temperature to a liquid phase. These melting point data of Bi thin films are
different from literature values for the bulk samples by 40 - 80 K. In a series of repeated
film heating and cooling cycles, there was a regular resistivity behavior (Fig. 3).

The film phase changes with heating rate increasing allowed us to calculate the
activation energy of the phase transitions (E,). For pure Mn and Bi films activation

97



P. S. Gusevik, S. I. Ryabtsev, K. E. Kurdyukova

energy were Ex~5x10° K and E,~8.5x10° K. The activation energy of the MnBi films
were in the range E~3.5-5x10° K, depending on the thickness and phase composition. In
MnBiCr films there were two bending curves of the temperature dependence of the
resistivity. The first curve, at a temperature of 573 K was associated with Bi melting
(Ea~7-8x10° K), and the second one was related to recrystallization processes at ~653 K
(Ea~5.2x10° K).

The demagnetization curves analysis of pure Mn films showed the absence of
hysteresis properties, in a parallel and perpendicular fields. Pure Bi, as we know, is a
diamagnetic, but in the studies of magnetic properties of the film samples there were
manifestation of hysteresis properties (H. ~ 16 kA/m).

As we know from our studies of magnetic properties of the Bi-oxygen compounds
[6], for the a-Bi,O; phase there was streamlining internal magnetic fields, as well as the
paramagnetic properties. In our case, the Bi structure has two sublattices (rhombohedral
and cubic), which correspond to the equilibrium and nonequilibrium Bi states and their
oxides Bi,O;. Thus, magnetic moments were uncompensated, which is typical for
ferrimagnets.

MnBi films showed anisotropic magnetic properties. In the initial state, the
coercivity was not greater than 2 kA/m. Heat treatment at 720 K leads to an increase in
coercivity in a parallel field up to 38 kA/m (Fig. 4).
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Fig. 3. The temperature dependence of the Fig. 4. Demagnetization curves of MnyBis; films
resistivity of the Mn25Bi7Cr film. after heat treatment (710 K).

Further coercivity increasing can be achieved by adjusting the delay time
depending on the original films composition. In the MnBi films at a temperature above
720 K there was an active Mn oxidation, which leads to significant deterioration of
magnetic characteristics. The Cr addition leads to a hindering the oxidation process, thus
allowing to increase the films thermal stability. In a parallel field the original MnBiCr
film coercivity was H. ~ 15 kA/m. Further heat treatment at temperatures about 620 — 780
K does not lead to a significant change in magnetic properties. Thus, Cr adding allows us
to increase the temperature range in which the films retain their magnetic characteristics.

For calculating the elastic stress of the metal films, which arise due to the difference
of thermal expansion coefficients of the film and substrate, the model of the
approximation of a two-layer structure for semiconductor films [7] was used. As can be
seen in the figure (Fig. 5), the mechanical stress values take opposite signs on different
substrates. With using the obtained data, it was found that the formation of non-
equilibrium Bi phase, which is formed, as noted, only at high pressure, can be explained
by the high cooling rate and high mechanical stress levels between the film and the
substrate (¢ ~ 0.3 — 0.4 MPa).
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Fig. 5. Temperature dependence of mechanical stresses.
Thus, an increased deposited atoms energy level (~ 200 eV) during the Bi films
deposition and elastic mechanical stress lead to the formation of a metastable Bi phase at
atmospheric pressure.

5. Conclusions

With using the methods of X-ray diffraction, electron microscopy, and construction
of the temperature dependence of electrical resistivity and demagnetization curves, the
structure and physical properties of MnBi films and the Cr addition effect were studied.
As a result, it should be noted that the Bi films showed the hysteresis properties through
the formation of Bi oxide sublattices with a non-equilibrium structure. An uncompensated
total magnetic moment of the equilibrium and non-equilibrium Bi oxides leads to the
emergence of ferromagnetic properties. The investigation of the temperature dependence
of the resistance showed that Bi crystallization temperature, which was manifested as a
sharp increase of resistance, was the same for pure Bi and MnBi films (490 K), but in the
MnBiCr films this temperature was greatly reduced (430 K). As a result of annealing the
MnBi films at a temperature of 710 K, coercivity was about 38 kA/m and can be
increased by adjusting a delay time.
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