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Abstract

High-field x-ray diffraction and magnetization measurements and differential thermal analysis
(DTA) were carried out for polycrystalline MnBi with an NiAs-type hexagonal structure to
investigate its magnetic and structural phase transitions. The lattice parameter a rapidly
decreases below the spin reorientation temperature Tsg (= 90 K) in a zero magnetic field.

The parameter ¢ decreases gradually with decreasing temperature and exhibits an anomaly in
the vicinity of Tsg. By applying a magnetic field of 5 T, the parameter a increases by ~0.05%
when 7' < Tsg and varies smoothly when 8 < 7' < 300 K. DTA data show that the magnetic
phase transition temperature from the ferromagnetic state to the paramagnetic state increases
linearly at a rate of 2 KT~! with increasing magnetic field up to 14 T.

Keywords: MnBi, high-field x-ray diffraction, differential thermal analysis, high magnetic

fields

1. Introduction

The intermetallic compound MnBi with an NiAs-type
hexagonal structure (low-temperature phase: LTP) exhibits
unique magnetic and structural properties [ 1-3]. The magnetic
moment m of LTP can be extrapolated to a value of
3.9 ugMn~! at 0K [4, 5]. With increasing temperature from
room temperature (RT), LTP-MnBi undergoes a first-order
magnetic phase transition from the ferromagnetic (FM) state
to the paramagnetic (PM) state at 7; ~ 630K, accompanied
by a structural transformation from the NiAs-type to a
distorted NipIn-type hexagonal structure (high-temperature
phase: HTP) [5]. The cell volume slightly decreases (<0.1%)
in the transformation from LTP to HTP. Chen reported
that HTP-MnBi is a separate compound with a chemical
formula of Mnj ¢gBi [6]. According to the Mn-Bi phase
diagram [6], the phase transition of MnBi at 7; upon heating
is associated with the peritectic decomposition of MnBi (LTP)
into Mn; osBi (HTP) and liquid Bi. Recently, on the basis
of magnetic measurements for MnBi, Liu et al/ [7] reported
that 7; increases linearly with increasing magnetic field up to
10T at a rate of ~2 KT~!. Differential thermal analysis (DTA)
performed by Koyama et al [8] also showed an increase in 7;
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with increasing magnetic field at a rate of 2 KT~ In addition,
they observed a metamagnetic phase transition between the
PM state and a field-induced ferromagnetic (FFM) state in the
vicinity of 7; [9]. These results suggest that the first-order
phase transition with the peritectic composition and the
decomposition of MnBi into Mn; ogBi can be controlled by
a magnetic field.

On the other hand, LTP-MnBi undergoes a spin
reorientation transition at ~90K. At RT, LTP-MnBi has
uniaxial magnetic anisotropy along the c-axis [3]. The
anisotropy constant decreases with decreasing temperature
from RT, and becomes negative at ~90K (7sg) [3]. The
magnetic moment lies in the c-plane below Tgg. This spin
reorientation was also observed by neutron diffraction [10, 11]
and nuclear magnetic resonance (NMR) [12] measurements
on LTP-MnBi. However, the relation between the magnetic
and structural properties has not yet been clarified in
detail [10-13].

In this paper, we present the results obtained for the
structural and magnetic properties of LTP-MnBi, which
were investigated by measuring high-field x-ray diffraction
at a low temperature, magnetization measurements and
by DTA.
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Figure 1. Schematic configuration of the powder sample and the
x-ray beam path from the source to the detector. The powder sample
is fixed using Apiezon grease on the copper holder in the cryostat.
The x-ray scattering vector is perpendicular to the magnetic field
vector.

2. Experimental

Polycrystalline MnBi was prepared by arc-melting a mixture
of stoichiometric amounts of pure elements (Mn, 3N; Bi,
5N) in an argon atmosphere. The obtained button ingot
was turned over and remelted several times. After that, the
ingot was annealed at 573K for 5h in a quartz tube with
an argon atmosphere and then quenched in water. X-ray
powder diffraction measurements were carried out using
CuKa radiation at RT. The sample was confirmed to be
LTP-MnBi with small amounts of Bi and Mn, and we did not
observe the reflection peaks of HTP-MnBi.

The magnetization M measurement was carried out
below RT using a superconducting quantum interference
device (SQUID) magnetometer. For 300 < T < 680K, M was
measured using a Faraday force magnetometer in a magnetic
field B of up to 10 T. The Faraday force magnetometer was
described in [9] in detail. DTA was carried out under an argon
atmosphere (ambient pressure) for 300 < T < 773K and B <
14 T. In this measurement, Al,O5 is utilized as a reference
sample. A detailed description of high-field DTA can be found
in [14].

High-field powder x-ray diffraction experiments were
carried out using CuKe radiation at 8 < T < 300K using
a Gifford-McMahon (GM) type cryocooler (helium gas
closed-cycle refrigerator) and for B < 5T using a cryocooled
split-pair superconducting magnet [15]. The cryocooled
superconducting magnet generates magnetic fields in the
vertical direction. The x-ray scattering vector is in the
horizontal direction (figure 1). A powder sample was fixed
using Apiezon grease on a copper boat holder, which was
attached to the second stage of the GM cryocooler in the
cryostat. We confirmed that the powder sample was not
removed by the magnetic force. The diffraction data were
obtained for 20° < 26 < 100° with a step size of 0.01°.

3. Results and discussion
3.1. Magnetic and structural properties at low temperature

Figure 2 shows the temperature dependence of the
magnetization (M—T curves) of MnBi at B=0.4 and 5T

T(K)

Figure 2. Temperature dependence of the magnetization of MnBi
in magnetic fields of 0.4 and 5 T. The vertical arrow indicates the
previously determined spin reorientation temperature Tsg.

when 5<T<300K. For B=0.4T, we can see a cusp
on the M-T curve at 90 K(= Tsr), indicating that the spin
reorientation occurs. For B = 5T, the cusp was suppressed,
and the magnetization decreases with increasing temperature.
This result is consistent with a previous report [7]. Yoshida
et al [13] observed thermal hysteresis in the temperature
variation of the AC permeability of MnBi in the vicinity of
Tsg and suggested that the spin reorientation transition is
of the first order.

Figure 3(a) shows the powder x-ray diffraction patterns
of LTP-MnBi at 292K for B=0 and 4T. For B =4T,
the 300 and 220 peaks are enhanced, though the Zkl peaks
are suppressed except for the 211 and 311 peaks. Because
LTP-MnBi has uniaxial magnetic anisotropy along the c-axis
at RT [3], most of the powder in the grease was aligned by
the magnetic field, causing the enhancement of the 300 and
220 peaks. However, the 211 and 311 peaks are still observed,
indicating that not all the powder was perfectly aligned by
the magnetic field of 5 T. As shown in figure 3(a), the aligned
powder remains even at a zero magnetic field. Subsequently,
we carried out x-ray diffraction measurements under various
temperatures and magnetic fields using this aligned sample.
As examples of typical results, the powder x-ray diffraction
patterns of MnBi at 8 K for B=0 and 5T are shown in
figure 3(b). These results show that the aligned sample is fixed
by the frozen grease at a low temperature. In this study, the
lattice parameters a and ¢ were determined using the 300 and
211 peaks.

Figure 4 shows the temperature dependences of the
lattice parameters a (a) and ¢ (b) and the cell volume V'
(c) of LTP-MnBi in a zero magnetic field. With decreasing
temperature from 300 K, a decreases gradually. Upon further
cooling, a decreases rapidly below 130K (= Tsgr;), and then
it abruptly decreases below 90K (~ Tsg). When T < Tgg,
a is almost constant. On the other hand, ¢ and V' decrease
gradually with decreasing temperature and exhibit anomalies
in the vicinity of Tsg. When 7' < 60K, the parameter c is
larger than immediately above Tgg;.

In our experimental configuration (figure 1), the enhanced
300 and 220 peaks are mainly due to the magnetically aligned
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Figure 3. Powder x-ray diffraction patterns of MnBi in magnetic
fields of 0 and 4 T at 292 K (a) and in magnetic fields of 0 and 5T
at 8K (b).

powder, the c-axis of which is parallel to the magnetic
field vector. On the other hand, the 211 and 311 peaks are
mainly due to the misaligned powder. Therefore, we show the
effect of only the magnetic field on the lattice parameter a
by estimation from the position of the 300 peak. Figure 5
shows the temperature dependence of a for LTP-MnBi in
a magnetic field of 5T (open circles). Here, data obtained
in a zero magnetic field (solid circles) are also illustrated
for comparison. The rapid decrease in @ when T < Tgg; is
recovered by applying a magnetic field of 5T, and a expands
by ~0.05% for T < 70K.

The NMR measurements by Hihara and Koi show that
below 142K the magnetic moment deviates gradually from
the c-axis in LTP-MnBi and enters the c-plane at 90K [12].
These characteristic temperatures are consistent with Tgr; (=
130K) and Tsgr(=90K). The rapid decrease in a when
T < Tsry is due to the spin reorientation transition. When
T < Tsry, the magnetic moment rotates toward the c-axis
upon applying a magnetic field of 5T to the aligned powder
fixed by frozen grease. This field-induced state is similar
to the uniaxial state when 7 > Tsr;. Therefore, the lattice
parameter a varies smoothly when 10 < 7 < 300K under a
high magnetic field of 5T. In this field-induced transition,
the interaction between the magnetic field and the spin-orbit
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Figure 4. Temperature dependences of the lattice parameters a (a),
¢ (b) and the cell volume V' (c) of MnBi in a zero magnetic field.
The vertical arrows indicate the characteristic temperatures of

the spin reorientation Tsg and Tgg;. The broken line is a guide to
the eyes.

coupling probably plays an important role, as pointed out in
previous reports [7, 11].

According to the report on the effect of pressure on
LTP-MnBi by Yoshida et al [13], Tsgr increases linearly
with quasi-hydrostatic pressure P at the rate of d7sg/dP =
0.96 K GPa~!. They suggested that the cell volume in the state
with the magnetic easy direction along the c-axis is larger
than that when the axis is in the c-plane. However, it seems
that the volume in both states is not greatly different. On
the other hand, the magnetic properties of LTP-MnBi have
been explained well by a mean field model with localized
magnetic moments [8, 16], and the spin-orbit coupling affects
the magnetic properties. Therefore, the ratio ¢/a in the crystal
probably plays an important role in the spin reorientation.
Measurements in high magnetic fields using an LTP-MnBi
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Figure 5. Temperature dependence of the lattice parameter a of
MnBi in 5 T (open circles). The data in a zero magnetic field (solid
circles) are also illustrated for comparison.
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Figure 6. DTA curves for MnBi in various magnetic fields up to
14 T [8]. The data were obtained during heating. The vertical arrows
indicate the previously determined phase transition temperatures.

single crystal are required for clarifying the magnetic and
structural properties in detail.

3.2. Magnetic phase transition at high temperature

Figure 6 shows typical results for the DTA curves of MnBi
for various B up to 14 T [8]. The data were obtained during
heating at a rate of 3 K min~'. For B = 0 T, three endothermic
peaks were observed at T2 = 533K (the melting point of

Figure 7. Temperature dependence of the magnetization of MnBi
in various magnetic fields up to 10 T in the vicinity of the magnetic
phase transition temperature, 7; [9]. The vertical arrows indicate the
previously determined T;.

Bi), T; = 628 K (the phase transition from LTP to HTP) and
TMnBi — 719K (the peritectic temperature of HTP). Here,
these transition temperatures were determined by the onset
of the endothermic peaks. Note that T2 and TM"Bi are
independent of B, but T increases with increasing B.

Figure 7 shows typical results for the M—T curves
in the vicinity of 7; [9]. Here, the data were also
obtained during heating. In this figure, the vertical arrows
indicate the previously determined magnetic phase transition
temperatures. With increasing 7, M abruptly vanishes at
T even in higher magnetic fields, which indicates that the
magnetic transition is of the first order. Liu et al [7] reported
that the thermal hysteresis of 7; is about 10 K.

Figure 8 shows the magnetic field dependence of 7; for
MnBi. Upon increasing B up to 14T, T;, as determined by
DTA measurements, increases linearly by 2 KT~!, although
the data [9] obtained from the M—T curves are somewhat
scattered. These results show that the endothermic peak at 7;
in figure 6 is due to the first-order magnetic phase transition
from the FM state to the PM state.

As shown in figure 6, the only single endothermic peak
at T; in the DTA data shifts to a higher temperature with
increasing B, and no extra peak was observed in the vicinity
of T;. This suggests that the structural transformation during
the peritectic decomposition is induced by the magnetic
field and is accompanied by a first-order magnetic phase
transition. That is, the magnetic field affects the first-order
magnetic and structural transitions between FM-MnBi with
the NiAs-type structure (LTP) and PM-Mn, osBi with the
distorted NiIn-type structure (HTP). The transition at T;
probably occurs to minimize the magnetic and elastic energies
between FM-LTP MnBi and PM-HTP Mn; ogBi. Upon
applying a magnetic field to the compound, the decrease in
the magnetic free energy of FM (FFM)-LTP MnBi is much
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Figure 8. Magnetic phase diagram of MnBi. The solid and open
circles indicate 7; determined by DTA [8] and the magnetic
measurement [9] data, respectively. The solid diamonds indicate the
peritectic temperature 7" determined by the DTA data. The
broken lines indicate the extrapolation calculated by the
least-squares method for 7; and 7M™ using the data determined by
DTA.

larger than that of PM-HTP Mn, (3Bi because of the addition
of the Zeeman energy. Therefore, we observe the increase in
T; by applying a magnetic field to this compound.

The mean field calculation shows that the Curie
temperature 7¢ of LTP-MnBi is ~720K [8, 16]. In addition,
T, linearly increases at a rate of 2-2.3KT~! in fields up
to 14T, as shown in figure 8. Assuming that this rate is
constant at higher temperatures and in higher magnetic fields,
T, will reach the peritectic temperature (7M™ ~ 720K) of
HTP upon applying a magnetic field of ~45 T. Our mean field
calculation suggested that the field-induced magnetic moment
of LTP-MnBi is approximately 2 ugMn~! in a magnetic
field of 45T at 720K [8]. This means that we may control
the first-order magnetic and structural transitions of MnBi
up to the peritectic temperature 7M"Bi and solidify MnBi
using a high magnetic field without inducing the PM phase.
Therefore, from the point of view of magnetoscience, the
control of the magnetic and structural properties and the
chemical formula and the synthesis of the magnetic material
MnBi under high magnetic fields are expected to be of
considerable interest.

4. Summary

We carried out high-field x-ray diffraction and magnetization
measurements and DTA for polycrystalline MnBi with the
NiAs-type hexagonal structure. For B = 0 T, upon decreasing
the temperature from room temperature, the lattice parameter
a decreases rapidly below 140K and is almost constant at

temperatures below the spin reorientation temperature 7Tsg
(=90K). The parameter ¢ decreases gradually with
decreasing temperature and exhibits an anomaly in the
vicinity of Tsgr. By applying a magnetic field of 5T, the
lattice parameter a increases by ~0.05% when T < Tsg
and varies smoothly when 10 < 7 < 300K. On the other
hand, the magnetic phase transition temperature 7; from the
ferromagnetic state to the paramagnetic state is 628K in a
zero magnetic field and linearly increases with field strength
up to 14T at a rate of 2KT~!. The obtained results suggest
that we can control the unit cell dimensions for MnBi when
T < Tsr, and its structural properties and chemical formula
when T > T; by applying a high magnetic field.
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