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The variations of the structural and magnetic properties of Bi/Mn/Bi and Mn/Bi/Mn trilayer film systems of
equiatomic composition in the process of vacuum annealing are studied. The annealing of Bi/Mn/Bi films at
a temperature of 270°C for an hour results in the synthesis of the well-studied highly oriented low-tempera-

ture LT-MnBi(001) phase with the perpendicular magnetic anisotropy K, ~ 1.1X 107 erg/cm? and coercivity

H ~ 1.5 kOe. In contrast to Bi/Mn/Bi, polycrystalline LT-MnBi nanoclusters are formed in Mn/Bi/Mn
films under the same annealing conditions. A high rotatable magnetic anisotropy exceeding the shape anisot-
ropy is detected in the films under consideration: the easy axis of anisotropy with the inclusion of the delay
angle in magnetic fields above the coercivity H > H- = 9.0 kOe can be oriented in any spatial direction. It
is shown that the nature of rotatable magnetic anisotropy is due to the structural coexistence of epitaxially
coupled LT-MnBi and QHTP-Mn, o3Bi phases. The reported experimental results indicate the existence of a
new class of ferromagnetic film media with the spatially tunable easy axis.

DOI: 10.1134/50021364017100095

INTRODUCTION

The ferromagnetic properties and production of
MnBi intermetallic compounds are widely used as a
possible alternative to rare-earth metals in the produc-
tion of permanent magnets [1—4] and film magnetic
media for magnetic optical recording [5—7]. One of
the main components of MnBi magnetic compounds
is the low-temperature LT-MnBi phase, which has a
high anisotropy, relatively high magnetization, and
large Faraday rotation [5—7]. With an increase in the
temperature above 633 K (360°C), the LT-MnBi
phase is transformed to a HTP-MnBi high-tempera-
ture paramagnetic phase, which is transformed to a
QHTP-Mn, sBi ferromagnetic phase at fast quench-
ing. The quenched QHTP-Mn, (3Bi phase is thermally
unstable and is slowly transformed in two years to a
stable LT-MnBi phase [7]. It is assumed that this tran-
sition occurs through unknown metastable phases [8§—
10], including a quasicrystalline phase [11]. Although
ab initio calculations imply the stabilization of the
LT-MnBi structure at the partial substitution of other
transition metals for Mn [12, 13], small Rh and Co
additions in LT-MnBi stabilize the orthorhombic
phase whose structural and magnetic properties are

651

close to those of the QHTP-Mn, (3sBi high-tempera-
ture phase [14, 15].

Asymmetry in chemical mixing at the interface
between Bi with Mn at the synthesis of LT-MnBi films
is observed depending on the sequence of deposited
layers [7, 10]. At the successive deposition of the first
Mn layer on the substrate and the second Bi layer
(Bi/Mn samples), the synthesis of LT-MnBi in a tem-
perature range of 225—350°C requires three days (Wil-
liams method) [10, 16]. However, the 1-h annealing of
Bi/Mn films did not lead to the formation of the
LT-MnBi phase; instead, the formation of Mn clusters
in the Bi matrix was observed [17]. In contrast to
Bi/Mn samples, in Mn/Bi samples where the Bi layer
is first deposited and the Mn layer is then deposited
(Chen’s method), even several minutes are sufficient
for the synthesis of highly oriented LT-MnBi(001)
films after annealing at ~300°C [7]. In this method,
the oriented Bi(001) layer with the ¢ axis perpendicu-
lar to the plane of the film growing on certain sub-
strates is used. The deposition of the upper Mn layer
initiates the migration of Mn atoms in the process of
annealing at ~300°C to the Bi layer with the inheri-
tance of the (001) orientation in the synthesized
LT-MnBi phase. Chen’s method is widely used to
obtain and study LT-MnBi(001) films with a high per-
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pendicular magnetic anisotropy K, ~ 10°J /m3, which
is necessary for magnetic optical recording [5, 6],
spintronics [18, 19], and thin-film magnets used in
MEMS [20]. However, the nature of perpendicular
magnetic anisotropy in MnBi films is still under dis-
cussion [21, 22].

The first studies of magnetic anisotropy in thin
films showed that, in addition to classical types of
magnetic anisotropies such as unidirectional, uniaxial
(including perpendicular magnetic anisotropy), and
magnetocrystalline, rotatable magnetic anisotropy
exists in thin films. The fundamental difference of
rotatable magnetic anisotropy from classical types of
anisotropies is the rotation of the easy axis after the
magnetic field [17]. Because of a high shape anisot-
ropy in magnetically soft film samples, rotatable mag-
netic anisotropy was observed only in the plane of
films. High rotatable magnetic anisotropy exceeding
the shape anisotropy was first detected in magnetically
hard MnGa [23] and CoPt [24] films. The easy axis in
such samples can be arranged in any spatial direction
by the magnetic field both in the plane of the film and
perpendicular to it.

In this work, we report the first observation of high
rotatable magnetic anisotropy in MnBi films. It is
shown that, in addition to the well-studied oriented
LT-MnBi(001) phase, which has high perpendicular

magnetic anisotropy K, ~1x10’ erg/cm=3, a high
rotatable magnetic anisotropy exceeding the film
shape anisotropy can exist in polycrystalline LT-MnBi
films.

SAMPLES AND EXPERIMENTAL
PROCEDURE

In our experiments, we used Bi/Mn/Bi and
Mn/Bi/Mn films obtained by thermal deposition of Mn
and Bi layers on glass substrates in a vacuum of 10~ Torr.
The deposition of Mn and Bi layers with approximate
stoichiometry Mn : Bi = 1 : 1 and a total thickness of
380 nm was performed at temperatures below 100°C.
The initial Bi(140 nm)/Mn(100 nm)/Bi(140 nm) and
Mn(50 nm)/Bi(280 nm)/Mn(50 nm) samples were
annealed in a vacuum of 10~¢ Torr at a temperature of
270°C for an hour. A temperature of 270°C is the opti-
mal temperature for synthesis of LT-MnBi films. The
appearing phases were identified on a DRON-4-07
diffractometer (CukK, radiation). The samples for
transmission electron microscopy were prepared by
the cross-section method using a focused ion beam
system (FIB, Hitachi FB2100). The electron micros-
copy studies were performed on a transmission elec-
tron microscope (Hitachi HT7700 at 100 kV, W
source) equipped with a scanning transmission elec-
tron microscopy system (diameter of an electron
probe was ~30 nm) and an energy dispersive X-ray
spectrometer (Bruker Nano XFlash 6T/60). The satu-
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ration magnetization M and coercivity H . were mea-
sured on a vibration magnetometer in magnetic fields
up to 20 kOe. The saturation magnetization Mg was
measured as a function of the temperature on an
MPMS-XL SQUID magnetometer (Quantum
Design) in a magnetic field of 5 kOe. Torque curves
were recorded on a torque magnetometer with a max-
imum magnetic field of 12 kOe.

EXPERIMENTAL RESULTS
FOR THE Bi/Mn/Bi FILM

Figure la shows the diffraction pattern of the
Bi/Mn/Bi sample after annealing at a temperature of
270°C. Strong LT-MnBi(002) and LT-MnBi(004)
peaks, as well as the absence of reflections from other
phases, indicate the complete mixing of Mn and Bi
layers and the synthesis of LT-MnBi(001) crystallites
with the ¢ axis perpendicular to the plane of the sub-
strate. The diffraction pattern contains a weak Bi(012)
peak, which demonstrates that an insignificant
amount of unreacted bismuth is present in the sample.
The electron microscopy studies and energy dispersive
X-ray scans over the thickness show that Mn and Bi
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Fig. 1. (a) Diffraction pattern. (b) Torque curves L (@) at
the rotation of the magnetic field H = 12 kOe by 360° from
the easy axis perpendicular to the film (direct and inverse
passes). (c) M—H hysteresis loops in the plane of the
Bi/Mn/Bi film system and perpendicular to this plane
after annealing at 270°C.
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atoms are uniformly distributed over the entire thick-
ness of the sample with the atomic ratio Mn : Bi =
50 : 50 corresponding to the LT-MnBi phase (they are
not reported in this work). This result is in good agree-
ment with the studies on the torque magnetometer,
which indicate that the LT-MnBi(001) samples after
annealing at 270°C had the easy axis perpendicular to
the plane of the substrate (see Fig. 1b). The saturation

magnetization Mg (see Fig. 1c¢) and perpendicular
anisotropy field H, after annealing at 270°C were
Mg = 520 emu/cm® and H = (43 +2) kOe, respec-
tively (see Fig. 1c). The saturation magnetization Mg
is close to a value known for perfect LT-MnBi thin
films [25, 26]. The perpendicular magnetic anisotropy

constant K, =1.1x 107 erg/cm? was determined from

the relation H, = 2K,/M, where K, = K, —2nM
(K, is the first constant of magnetic crystallographic

anisotropy of the LT-MnBi phase and 27cMS2 is the
film shape anisotropy). This value is close to values
obtained from the torque curve (see Fig. 1b) and from
[17, 25, 26]. The reported results certainly prove that
the synthesis of the highly oriented LT-MnBi(001)
phase in Bi/Mn/Bi films is similar to Chen’s method
in Mn/Bi samples. For this reason, the structural and
magnetic properties of LT-MnBi(001) films are iden-
tical in the Bi/Mn/Bi and Mn/Bi samples.

EXPERIMENTAL RESULTS
FOR THE Mn/Bi/Mn FILMS

The sequence of Bi and Mn layers strongly affects
the formation of MnBi nanostructures in the products
of the reaction. Figure 2a shows the diffraction pattern
of Mn/Bi/Mn films after annealing at a temperature
of 270°C, where peaks from the LT-MnBi polycrystal-
line phase, as well as small peals from unreacted bis-
muth, are seen. Electron microscopy studies and
energy dispersive X-ray linear scans over the thickness
show that Mn and Bi layers reacted with an atomic
ratio of Mn : Bi = 50 : 50 (they are not presented in this
work). Figure 2 shows the direct, 0°-720°, and
inverse, 720°-0°, passes of the torque curves (b) L,
and (c¢) L, in the plane of the Mn/Bi/Mn film and
perpendicular to this plane, respectively, after anneal-
ing at 270°C. The torque curves L and L, have a large
rotation hysteresis, which is a characteristic of rotat-

able magnetic anisotropy. Rotatable magnetic anisot-
ropy was quantitatively characterized in [24] by the

rotatable magnetic anisotropy constant Lﬁm for torque
curves in the plane of the film, which was defined as

rot

the shift of the torque curves at the clockwise (+1;")
and counterclockwise (—Lﬁ"t) rotations of the mag-

netic field (see Fig. 2b). The constants + L™ and —Lfl
for torque curves recorded in the direction perpendic-
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Fig. 2. (a) Diffraction pattern. (b, ¢) Torque curves L; ()

and L | () at the rotation of the magnetic field H# = 12 kOe
in the plane of the Mn/Bi/Mn film system and perpendic-
ular to this plane after annealing at 270°C, respectively,
where o is the delay angle of the easy axis from the direc-

tion of the magnetic field.

ular to the plane of the film at the clockwise and coun-
terclockwise rotations, respectively, are defined simi-
larly (see Fig. 2¢). The experimental values of the
rotatable magnetic anisotropy constants measured in
the plane of the film and in the direction perpendicu-
lar to the plane of the film satisfy the relations

rot __ rot __ rot rot __ rot __ rot
tively. The torque curves measured in the direction

perpendicular to the plane of the film contain rotat-
able magnetic anisotropy with the constant

ert =1.6x10° erg/cm? and a contribution from uni-

axial anisotropy K,sin2¢ (K, = 0.5x10° erg/cm?)
with the easy axis in the plane of the film. This implies
that uniaxial anisotropy is determined by the film
shape anisotropy K, =2nM 52 with the saturation
magnetization Mg =200 emu/cm3. However, this

value is lower than the value Mg = 350 emu/cm?,
which follows from hysteresis loops (Fig. 3). This
means that in-plane stresses and structural features,

such as a columnar structure, reduce the parameter K.
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Fig. 3. M— H hysteresis loops at the angles § = 0°, 30°, 60°,
and 90° to the plane of the Mn/Bi/Mn film system after
annealing at 270°C.

It is remarkable that rotatable magnetic anisotropy
constants in the plane Lﬂ"t and perpendicular to the
plane LT coincide with each other: L™ =

L =1.6x10° erg/cm?. This equality, as well as the
independence of hysteresis loops of the direction of
the magnetic field (see Fig. 3), indicates the spatial
isotropy of rotatable magnetic anisotropy. The

inequality Lﬁm = L' > K, is a necessary condition for
the alignment of the easy axis by the magnetic field
taking into account the delay angle o (see Figs. 2b and
2c¢) in an arbitrary direction in the plane and perpen-
dicular to the plane of the film. The spatial isotropy of
rotatable magnetic anisotropy was also observed in
epitaxial L1,CoPt(111) [24] and polycrystalline
6-Mn, (Ga, 4 [23] films and implies a common nature

of rotatable magnetic anisotropy in these samples.

DISCUSSION OF THE RESULTS

Although the total thicknesses of Mn and Bi layers
were the same in Bi/Mn/Bi and Mn/Bi/Mn films and
these films were annealed under the same conditions,
they had a large difference in the structural and mag-
netic properties. The annealing of Bi/Mn/Bi films led
to the expected synthesis of oriented LT-MnBi(001)
films. The formation of LT-MnBi polycrystalline
films with rotatable magnetic anisotropy after the
annealing of the Mn/Bi/Mn film system clearly indi-
cates the presence of transient layers at the Bi/Mn
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Fig. 4. Temperature dependences of the saturation magne-
tization Mg in the (a) LT-MnBi(001) and (b)
(QHTP+LT)-MnBIi films measured in a magnetic field of
H =5 kOe in the plane of the film.

interface. It is known that the oxidation of Mn pro-
vides a negative effect and is responsible for change in
the structural and magnetic properties in MnBi
nanoparticles [27, 28] and thin films [7, 17, 29, 30]. In
the Williams method, where a Mn layer is first depos-
ited, oxygen contaminants form a diffusion barrier
consisting of a chemisorbed layer or oxides on the sur-
face of the Mn film, which suppresses the solid-phase
reaction between the Mn and Bi layers. For this rea-
son, the deposition of Bi on the oxidized Mn surface
results in the formation of only polycrystalline layers
in Bi/Mn and Mn/Bi/Mn samples. In contrast to
Bi/Mn/Bi samples, the reaction in Mn/Bi/Mn sam-
ples starts between the Bi film and upper Mn layer
with the formation of a LT-MnBi polycrystalline layer.
The lower Mn layer simultaneously reacts with
remaining Bi in the LT-MnBi layer without a signifi-
cant change in its polycrystalline structure.

For a further analysis of ferromagnetic phases
formed after annealing at 270°C in Bi/Mn/Bi and
Mn/Bi/Mn films, we recorded the temperature
dependences of saturation magnetization. The depen-
dence M((T') shown in Fig. 4a demonstrates that only
the LT-MnBi phase with the Curie temperature
Tc ~360°C is present in Bi/Mn/Bi samples. In
Mn/Bi/Mn films, in addition to the LT-MnBi phase,
a phase with the Curie temperature 7. ~170°C,
which is characteristic of the QHTP-Mn, ,sBi phase,

JETP LETTERS  Vol. 105 No. 10 2017
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appears (see Fig. 4b). The volume fraction of the
QHTP-Mn, xsBi phase is roughly estimated from
Fig. 4b as ~60%. However, reflections determined
from Fig. 2a do not correspond to the QHTP-Mn, (¢Bi
orthorhombic phase (JPCD card 04-007-0814). The
analysis performed in [31] showed that the QHTP-
Mn, (sBi phase can have a hexagonal or superlattice
structure depending on the method of production.
Our results are in good agreement with [32], where no
changes in the lattice parameters were detected in
films containing the LT-MnBi(001) phase and the
mixture of the QHTP-Mn, (sBi + LT-MnBi phases. In

the process of QHTP & LT phase transitions, the lat-
tice parameters vary continuously [8, 9], implying a
common boundary of coherent coupling of QHTP-
Mn, sBi and LT-MnBi lattices. For this reason, we
assume that Mn/Bi/Mn polycrystalline films after
annealing at 270°C consist of epitaxially coupled
nanograins with close lattice parameters of the
QHTP-Mn, xsBi and LT-MnBi phases. This is in
agreement with the fact that (QHTP+LT)-MnBi sam-
ples had a saturation magnetization of Mg =
350 emu/cm?® (see Fig. 3), which is lower than the
value Mg =520 emu/cm?® for LT-MnBi films (see
Fig. 1c). The reason is that the saturation magnetiza-
tion of QHTP-Mn, (sBi is 75% of Mg for LT-MnBi
films [7]. Furthermore, the coercivity of the
(QHTP+LT)-MnBi samples (see Fig. 3) is sixfold
higher than that of LT-MnBi samples (see Fig. 1c).
This conclusion is consistent with the higher coerciv-
ity and lower saturation magnetization of the QHTP-
Mn, 4sBi phase than the LT-MnBi phase [33].

It is noteworthy that oxygen and other contami-
nants in the process of annealing can dope the MnBi
film and stabilize QHTP-Mn, (¢Bi and other metasta-

ble phases. The constant L™ in magnetically hard
films depends on the composition and annealing con-
ditions [34, 35]. A high rotatable magnetic anisotropy
was observed in composite films containing a
nanoscale mixture of two phases [24, 34, 35]. A great
amount of attention has recently been focused on the
fundamental understanding of the effect of nanoscale
interfaces on the macroscopic properties of functional
materials. Materials that include interacting phases
and have a large fraction of interfaces can have unusual
physical properties uncharacteristic of initial phases
[36—38]. Consequently, it can be assumed that the
structural coexistence of chemically coupled LT-
MnBi and QHTP-Mn, sBi phases is energetically
favorable under certain conditions and is important for
the formation and nature of rotatable magnetic anisot-

ropy.

CONCLUSIONS

The structural and magnetic asymmetry of phase
transformations in Bi/Mn/Bi and Mn/Bi/Mn trilayer
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films has been studied near the equiatomic composi-
tion at an annealing temperature of 270°C. The
annealing of Bi/Mn/Bi films has resulted in the
formation of the highly oriented LT-MnBi(001) phase
with the perpendicular magnetic anisotropy

K, ~1.1x 10’ erg/cm? and coercivity H. ~ 1.5 kOe.
The annealing of Mn/Bi/Mn films under the same
conditions has led to the formation of spatially isotro-
pic nanoclusters (H: ~ 9.0 kOe), which contain the
main magnetically hard LT-MnBi phase epitaxially
coupled with the QHTP-Mn, (¢4Bi phase. A high rotat-
able magnetic anisotropy has been detected in these
films: the easy axis of anisotropy with the inclusion of
the delay angle in magnetic fields above the coercivity
H > H canbe oriented in any spatial direction. It has
been assumed that the structural coexistence of LT-
MnBi and QHTP-Mn, (4Bi phases is the main reason
for the formation of rotatable magnetic anisotropy in
Mn/Bi/Mn films. The high rotatable magnetic anisot-
ropy detected in magnetically hard film materials
assumingly allows the existence of a new class of ferro-
magnetic film media with the spatially tunable easy
axis.
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