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Solid-phase transformations at different annealing temperatures in Mn/Bi (Mn on Bi) and Bi/Mn (Bi on
Mn) films have been studied using X-ray diffraction, electron microscopy, and magnetic measurements. It
has been shown that the synthesis of the a-MnBi phase in polycrystalline Mn/Bi films begins at a tempera-
ture of ~120°C and the Mn and Bi layers react completely at 300°C. The resulting a-MnBi(001) samples have
a large perpendicular magnetic anisotropy (K, ~ 1.5 X 107 erg/cm?) and a coercive force H > Hc~3kOe. In
contrast to Mn/Bi, the ferromagnetic a-MnBi phase in Bi/Mn films is not formed even at annealing pro-
cesses up to 400°C and Mn clusters are formed in a Bi melt. This asymmetry in phase transformations occurs
because chemosorbed oxygen existing on the surface of the Mn film in Bi/Mn films suppresses a solid-phase
reaction between Mn and Bi. The analysis of the results obtained implies the existence of new low-tempera-
ture (~120°C) structural transformation in the Mn—Bi system.
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INTRODUCTION

The MnBi intermetallic compound has many
unique magnetic and structural properties and is con-
sidered as a possible alternative to rare-earth and
expensive magnets [1]. The low-temperature ferro-
magnetic phase LTP-MnBi (a-MnBi) with the NiAs
structure has a large uniaxial anisotropy (K, ~ 1.5 %

107 erg/cm?®) with the c easy axis and the saturation
magnetization at room temperature is Mg =

712 emu/cm?® [2]. An increase in the temperature
above 663 K is accompanied by the structural transi-
tion of the a-MnBi phase to the high-temperature
paramagnetic phase HTP-MnBi (B-MnBi) with the
distorted Ni,In structure with Mn, (3Bi stoichiometry.
This transition is attributed to the peritectic decompo-
sition of the a-MnBi phase to the Mn, ,sBi and Bi
phases [3—5]:
a— B+ Bi. @9
The fast cooling of the HTP-MnBi phase to low
temperatures results in the formation of the so-called

ferrimagnetic rapidly quenched high-temperature
phase QHTP-MnBi (quenched HTP-MnBi) without

a change in the orthorhombic structure and composi-
tion. The metastable phase QHTP-Mn, ,3Bi has the
Curie temperature of ~440 K and the magnetic
anisotropy constant K, = 3.0 X 107 erg/cm? larger than
that for the LTP-MnBi phase and Mg = 480 emu/cm?
at room temperature [3]. Thermal instability and high
sensitivity to oxidation are negative properties for
applications of QHTP-MnBi compounds. Significant
efforts were applied to stabilize and improve the struc-
tural and magnetic properties of the QHTP-MnBi
phase by doping it with a third element [6, 7]. It is
assumed that the QHTP-Mn, (3Bi phase is unstable at
room temperature and is transformed in two years to
the stable a-MnBi phase through the reaction [4]

QHTP-Mn, ,sBi — a-MnBi + Mn. )

However, Hauder and Unger [8] showed that the
QHTP-Mn, (4Bi phase is transformed to the a-MnBi
phase through the new third indefinite metastable
phase in the temperature range between 80°C and
220°C and above 95°C in Mn, _ /Ti,Bi films [9].
Although the high-temperature part of the diagram of
Mn—Bi was supplemented [5], the above results and
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the formation of metastable and quasicrystalline
phases [10, 11] imply that the low-temperature part of
the phase diagram of Mn—Bi was poorly determined.
In many works, highly anisotropic MnBi films were
obtained through solid-phase reactions between Mn
and Bi layers [2—4, 7, 11, 12]. Chemical interactions
between Mn, Bi, and O, which strongly affect the for-
mation of ferromagnetic phases in the Mn—Bi system
were studied only in a few works.

SAMPLES AND EXPERIMENTAL
PROCEDURE

The experiments were performed with Mn/Bi and
Bi/Mn films obtained by the successive thermal depo-
sition of Mn on Bi and Bi on Mn on glass and pyroce-
ram substrates in a vacuum of 10~¢ Torr. The deposi-
tion of Mn and Bi layers with approximate stoichiom-
etry Mn : Bi = 1: 1 and a total thickness of 350 nm was
performed at a temperature below 100°C. The initial
Mn/Bi and Bi/Mn samples were annealed in a vac-
uum of 10~ Torr from 50 to 300°C with a step of 50°C
with aging for 30 min at each temperature. The formed
phases were identified on a DRON-4-07 diffractome-
ter in Cu K, radiation. The samples for transmission
electron microscopy were prepared by the cross-sec-
tion method with the use of a focused ion beam system
(FIB, Hitachi FB2100). The electron microscopy
studies were performed on a Hitachi HT7700 trans-
mission electron microscope (at 100 kV, W source)
equipped with a scanning transmission electron
microscopy system (the diameter of the electron probe
is 30 nm) and with an energy dispersion X-ray spec-
trometer (Bruker Nano XFlash 6T/60). The satura-
tion magnetization Mg and perpendicular anisotropy
field Hy = 2K, /Mg were determined by the torsional
moment method through the procedure proposed in
[13]. Magneto-optical hysteresis loops of Faraday
rotation were measured at a wavelength of 630 nm in
magnetic fields up to 14 kOe. The electric resistance
R(T) as a function of the temperature 7' was measured
by the standard four-terminal method in a vacuum of
10-% Torr. The magnetoresistance was measured by the
standard four-terminal method in magnetic fields up
to 4.5 kOe at room temperature.

EXPERIMENTAL RESULTS

Figure 1 shows the (a) electric resistance R(7) and
(b) saturation magnetization Mg(7) of the Mn/Bi (Mn
on Bi) sample as function of the annealing tempera-
ture 7. As the temperature increases, the resistance
decreases insignificantly and drops sharply above T, ~
120°C (Fig. 1b). The samples were nonmagnetic up to
the temperature 7;,, and the magnetization appeared
in them at temperatures above 7;,, increased abruptly
at heating to a temperature of 250°C, and varied insig-
nificantly at 300°C (Fig. 1b). After annealing pro-
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Fig. 1. (a) Electrical resistance R and (b) saturation mag-
netization Mg of the Mn/Bi (Mn on Bi) sample versus the
annealing temperature 7. The dashed vertical straight line
indicates the temperature of initiation 7;, ~ 120°C of the
magnetically hard a-MnBi phase. The left inset shows the
hysteresis loop of the angle of Faraday rotation in the mag-
netic field perpendicular to the plane of the a-MnBi film
obtained after annealing at 300°C. The right inset shows
the saturation magnetization Mg versus the time of aging in
air of the a-MnBi sample.

cesses at 250 and 300°C, the coercive force of the sam-
ples measured perpendicularly to the plane of the film
was H: ~ 3.1 kOe (left inset in Fig. 1b). This indicates
the beginning of strong mixing of the Mn and Bi layers
above the initiation temperature 7;, ~ 120°C and the
formation of the magnetically hard phase a-MnBi,
which was completely synthesized at 300°C.

The diffraction patterns of the initial bilayer Mn/Bi
(Mn on Bi) films contain strong reflections from the
Bi(003) and Bi(006) planes and weak reflections from
other Bi planes and a-Mn (Fig. 2a), which implies the
predominant growth of Bi crystallites with the ¢ axis
perpendicular to the substrate and the growth of fine
a-Mn grains. After annealing at 150°C, reflections
from Bi decreased and reflections from Mn disap-
peared completely (Fig. 2b), indicating the solid-
phase reaction of Mn with Bi. After annealing at
200°C, a-MnBi peaks appeared (Fig. 2¢) and became
the main peaks after annealing processes at 250°C
(Fig. 2d) and 300°C (Fig. 2e). Strong a-MnBi(002)
and a-MnBi(004) peaks and the absence of reflec-
tions from other phases indicate the complete mixing
of the Mn and Bi layers after annealing at 300°C and
the predominant synthesis of a-MnBi(001) crystal-
lites on glass substrates. This result agrees well with
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Fig. 2. Diffraction patterns demonstrating phase transfor-
mations in the Mn/Bi (Mn on Bi) sample at various
annealing temperatures.

studies on a torque-coil magnetometer, which showed
that the a-MnBi samples after annealing processes at
200, 250, and 300°C had an easy axis perpendicular to
the plane of the substrate. The saturation magnetiza-
tion Mg and the perpendicular anisotropy field Hy =

2K,/Mg (where K, = K| — 27‘CM52, K, is the first con-
stant of magnetocrystalline anisotropy of the a-MnBi

phase, and 2t M 52 is the anisotropy of the shape of the
film) after annealing processes at 250 and 300°C were
Mg =500 emu/cm?and Hy = (60 + 5) kOe (K, = 1.5
107 erg/cm?®). These samples had a low negative mag-
netoresistance whose magnitude at liquid nitrogen
temperature did not exceed ~0.2% in a magnetic field
of 4.5 kOe. The saturation magnetization My
decreased with time, indicating a low chemical stabil-
ity at aging in air (Fig. 1b).

Electron microscopy studies and linear energy dis-
persion X-ray scans through the thickness confirm
that the initial Mn/Bi films contained Mn and Bi lay-
ers (Fig. 3a), which were completely mixed after
annealing at 300°C (Fig. 3b). The energy dispersion
analysis gives the average value of the atomic concen-
trations of Mn and Bi, which correspond to the stoi-
chiometry of the a-MnBi phase.

In contrast to the Mn/Bi (Mn on Bi) samples, the
Bi/Mn (Bi on Mn) films, in which Mn is deposited as
the first layer, after a series of annealing processes up
to 400°C remained nonmagnetic or had a very small
magnetization. This property indicates that the solid-
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Fig. 3. Transmission electron microscopy image and linear
energy dispersion X-ray scans (along the black line) of the
cross section of (a) the initial Mn/Bi (Mn on Bi) sample
and (b) the sample after annealing at 300°C.

phase synthesis of the a-MnBi and QHTP-Mn, (sBi
ferromagnetic phases strongly depends on the
sequence of deposition of Mn and Bi layers.

The diffraction patterns of the initial Bi/Mn films
contained reflections from polycrystalline Bi and from
Mn. This implies that a Mn layer grew in a fine-
grained form on the glass substrate (Fig. 4a). In addi-
tion to reflections from Bi, the diffraction patterns
contained peaks that can be attributed to B-Bi,O,
oxide metastable at room temperature. The initial
Bi/Mn samples also can contain a-Bi,O; oxide
because it has common reflections with (-Bi,O;
oxide. It is known that the metastable 3- Bi,O; and sta-
ble a-Bi,O; phases often appear on the Bi surface at
low temperatures and remain stable at room tempera-
ture [14].

Diffraction patterns after annealing processes at
300 and 400°C contained only reflections from poly-
crystalline Bi and weak peaks from MnO oxide
(Fig. 4b). Figure 5a shows the transmission electron
microscopy image of the cross section and composi-
tion profiles. Figure 5b presents the composition
images of Mn and Bi for the Bi/Mn sample after
No.4 2016
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Fig. 4. Diffraction patterns demonstrating phase transfor-
mations in the Bi/Mn (Bi on Mn) sample at various
annealing temperatures.

annealing at 400°C. The in-depth analysis reveals the
mixing of Mn and Bi layers without the formation of a
homogeneous a-MnBi layer, as occurs under the
same annealing conditions in Mn/Bi (Mn on Bi)
films, where Bi is deposited as the first layer on the
substrate. The possible explanation of various scenar-
ios of phase transformations on interfaces in Mn/Bi
and Bi/Mn film systems is that, because of the high
reaction capability of Mn, a chemisorbed oxygen layer
appears on the surface of Mn deposited as the first
layer even in a vacuum of 10~¢ Torr. The deposition of
Bi is accompanied by its reaction with surface oxygen
with the formation of Bi,O;, which has a large negative
formation enthalpy AH, = —573.9 kJ/mol. For this
reason, in Bi/Mn samples, where Mn forms the first
layer, the formed buffer Bi,O; layer suppresses the
reaction between Bi and Mn. When the annealing
temperature exceeds the melting temperature of Bi
(271.4°C), the Bi layer begins to be melted and to
propagate through defects and grain boundaries in the
Mn layer, forming Mn clusters with the buffer Bi,O,
layer in the bismuth melt. The solid-phase synthesis of
a-MnBi occurred in most works when the first layer
was Bi [2—4, 7, 12]. However, when the first layer was
Mn, the synthesis of a-MnBi occurred only at 300°C
in three days [15] or was associated with the formation
of a nonmagnetic phase [11]. Asymmetry in chemical
mixing at the interface depending on the sequence of
deposited layers was experimentally observed and was
confirmed by molecular dynamics calculations for
certain film systems [16]. These studies revealed mix-
ing through the thickness of several nanometers. The
explanation of asymmetric mixing implies the local
acceleration of a deposited atom at the interface to a
kinetic energy exceeding the energy barrier for atomic
mixing [16]. Our studies suggest the decisive role of
oxygen pollution in the asymmetry of solid-phase
transformations in Mn/Bi and Bi/Mn films and in the
degradation of the saturation magnetization at aging of
a-MnBi samples in air (right inset in Fig. 1b).
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Fig. 5. (a) Transmission electron microscopy image and
linear energy dispersion X-ray scans across the Bi/Mn (Bi
on Mn) sample (along the black line) after annealing at
400°C. (b) Maps of the elemental composition of the cross
section for the Bi/Mn (Bi on Mn) sample after annealing
at 400°C.

It is well known that solid-phase reactions are
characterized by the first forming phase and its initia-
tion temperature 7;, [17]. It was shown that the initia-
tion temperature 7;, for many binary systems in bilayer
films coincides within the experimental accuracy with
the temperatures of solid-phase transformations 7%
(T, = Ty). The equality 7;, = T is valid for order—dis-
order phase transitions in Au—Cu (240°C) [18], Fe—
Pd (450°C) [19], and Co—Pt (450°C) [20]; for a eutec-
toid decomposition in Fe—Ni (350°C) [21] and Fe—
Cu (850°C) [22]; for martensitic transformations in
AIl—Ni (180°C) [23], Ti—Ni (850°C) [24], and Au—Cd
(60°C) [25]; and for other phase transformations [26].
Consequently, low-temperature solid-phase reactions
in thin films occur only in binary systems exhibiting
low-temperature solid-phase transformations. The
same chemical interactions are responsible for solid-
phase reactions in thin films and respective solid-
phase transformations. Our studies show that the ini-
tiation temperature of the first phase a-MnBi is
~120°C (Fig. 1). This fact implies the existence of a
new low-temperature (~120°C) structural transforma-
tion in the Mn—Bi system involving the a-MnBi
phase. It was shown in the Introduction that such a
transformation at low temperatures can be the phase
decomposition of the QHTP-Mn, xBi phase into the
a-MnBi phase according to reaction (2). It is note-
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worthy that intensive studies of ferromagnetism in
diluted Mn, _,Ge, (x > 0.95) solid solutions revealed a
low-temperature (Tx ~ 120°C) spinodal decomposi-
tion in the Mn—Ge system [27]. It was shown in [28]
that the solid-phase reaction in Mn/Ge films begins at
the temperature of spinodal decomposition 7;, = Tx ~
120°C.

CONCLUSIONS

The asymmetry of phase transformations in Mn/Bi
(Mn on Bi) and Bi/Mn (Bi on Mn) films near the
equiatomic composition has been studied with an
increase in the annealing temperature to 300°C. When
a Mn layer is deposited on a Bi layer, the reaction
begins at a temperature of ~120°C and completely
ends at 300°C with the formation of the magnetically
hard a-MnBi phase. The deposition of Bi on a Mn
layer under the same technological conditions does
not lead to a reaction between Mn and Bi at annealing
temperatures up to 400°C. The observed asymmetry
has been explained under the assumption of the for-
mation of chemisorbed oxygen on the Mn surface; this
oxygen reacts with Bi atoms, forming a buffer Bi,O,
layer, which suppresses the reaction of Mn with Bi.
The analysis of solid-phase reactions in layer film
structures implies a solid-phase transformation in the
Mn—Bi system at ~120°C.
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