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Magnetic anisotropy and spin disorder in textured MnBi crystals
synthesized by a field-inducing approach at a high temperature
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Textured MnBi crystals in a Bi matrix are fabricated by quenching at a high temperature
(~653 K) in a magnetic field of 10 T. Microstructure observations reveal that MnBi grains are
aligned along their c-axis. Magnetization measurements show a pronounced magnetic anisotropy in
directions normal and parallel to the fabrication field resulting from the alignment. MnBi crystals
display spin-disorder behaviors in ac magnetization, which may emerge due to the quenching

processing. © 2008 American Institute of Physics. [DOL: 10.1063/1.2966456]

I. INTRODUCTION

Considerable efforts have been made to investigate the
dependence of high magnetic field on structures and proper-
ties in the field of condensed matter or materials physics. It is
often necessary to fabricate some magnetic materials with
grains aligned in specific directions not only for fundamental
understandings but also for engineering applications.1 For
example, large magnetic anisotropy in hard magnetic mate-
rials is desirable.” Recently, many efforts have been focused
on the physics mechanism of magnetic field-induced transi-
tion, which is actually one of the most interesting problems
in condensed matter physics and materials science.”™’ Up to
date, the physical origins of the magnetic field-induced tran-
sition, such as the definite mechanism of crystal growth and
magnetic transition, are still not clear.

The binary compound MnBi, which shows high uniaxial
magnetic anisotropy under low temperature phase (LTP) and
excellent magneto-optical effect in its thin ferromagnetic
(FM) films, has been widely investigated.g_13 In the field of
engineering, it is very potential to use MnBi as a hard mag-
net at high temperatures. This material can also be used as a
permanent phase in nanocomposite magnets because the co-
ercivity of the LTP MnBi increases with temperature.9 A
magnetocrystalline anisotropy of 9 T and a coercivity of 1.8
T have been reported at 550 K for the melt-spun ribbons."*
The MnBi film possesses high magneto-optical properties
due to its high Kerr rotation.'” Magnetic moments of MnBi
rotate from being parallel to the c-axis toward the basal plane
of MnBi at a temperature of ~90 K, i.e., a spin-reorientation
transition (SRT) appears. The spin-orbit interaction plays a
dominant role in the anisotropy of MnBi (LTP) during
SRT*" Previously, we reported that MnBi crystals (7,
~ 628 K) can be magnetically aligned in a Bi matrix below
T.. The H-T phase diagram for the LTP MnBi was also re-
ported in our previous article.'®"’ Composites fabricated by
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cooling through 535 K under magnetic fields of 0.3, 0.5, and
1.0 T show the improvement on crystal structures for both
the LTP MnBi and the Bi matrix. Meanwhile, the increase in
magnetic-alignment factor, spin-reorientation temperature,
and magnetization ratio is found. Generally the gains in the
above composites are maximized in the case of H;=0.5 T.
Here, Hy is defined as the fabrication field, i.e., the applied
magnetic field during processing. Hence, composites pro-
duced under 0.5 T can be regarded as incorporating the best
quality LTP MnBi crystals that could be prepared using this
magnetic field alignment approach. In this article, magnetic
field-induced alignment effect is employed to study self-
assembling Bi-Mn alloys. Our experimental results show
that a high magnetic field of 10 T can induce macroscopic
order at a high temperature of 653 K. The magnetic aniso-
tropy and spin disorder for textured MnBi crystals in a Bi
matrix are investigated.

FIG. 1. Schematic diagram of experimental setup for sample preparation.
(1) sample frame, (2) water-cool copper set, (3) heat furnace, (4) supercon-
ductor magnet, (5) sample, (6) water barrel for quenching, and (7)tempera-
ture control system.
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FIG. 2. Optical images showing effects of fabrication field on microstruc-
tures of MnBi-Bi composite. (a) Section perpendicular to and (b) section
parallel to the fabrication field Hy.

Il. EXPERIMENTAL DETAILS

Bi-6 wt % Mn alloys were prepared using bismuth
(99.0%) and electrolytic manganese (99.5%). The alloys
were melted in an inductive furnace and cast to graphite
molds under argon ambience at a pressure of 50.6 kPa.
Samples with 9.5 mm diameter and 25 mm length were
sealed in graphite tube and inserted into a resistance furnace
placed between two poles of the magnet, as shown in Fig. 1.
The intensity of the magnetic field (up to 14 T) between
poles of the magnet was adjusted and the temperature in the
furnace chamber was controlled automatically. To study the
field alignment above T, the alloys were heated up at a rate
of 10 K/min to 653 K, maintained for 30 min in a magnetic
field of 10 T, and then quenched in water (denoted as the
0-10 T sample). More details for sample preparation could
be found in our previous papelr.]6 Structures of the samples
were characterized by optical microscopy and x-ray diffrac-
tion (XRD) with Cu K« radiation, respectively. Magnetic
measurements were performed by using a physical properties
measurement system (Quantum Design).

lll. RESULTS AND DISCUSSION

Figure 2 shows the microstructures of the sample
quenched at 653 K under the fabrication field of 10 T ob-
served by optical microscopy. The regular hexagonal MnBi
grains in the composite only appear in the section perpen-
dicular to the fabrication field H, [Fig. 2(a)], while the quad-
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FIG. 3. (Color online) XRD patterns of samples quenched at the fabrication
field H;=10 T: (a) section parallel to H,and (b) section perpendicular to H,.
Reflection peaks labeled by (hkl) are for MnBi and others for Bi.

rilateral MnBi crystals (dark gray) in the Bi matrix (white)
are present in the section parallel to the fabrication field [Fig.
2(b)]. The longer aligned MnBi crystals are not found in the
0-10 T sample quenched under 10 T. This may be due to the
strong thermal fluctuation at high temperature (653 K),
which results in the suppression of the further growth of
crystals. However, the samples with better MnBi grain align-
ment can be obtained in a proper magnetic field (0.5 T),
which is synthesized by solidifying at a low temperature (be-
low 548 K)."°

To study the crystallographic texture of the sample, XRD
measurement is performed along and normal to H,. Figure 3
shows XRD patterns for the sample quenched at the fabrica-
tion field of H,=10 T. XRD patterns indicate the formation
of MnBi-Bi composite, which is also confirmed by energy
dispersive x-ray analysis. For the section parallel to H; [Fig.
3(a)], the (110), (200), and (300) Bragg reflections of MnBi
phase appear stronger, compared to those for the section per-
pendicular to H, [Fig. 3(b)]. For the latter, the (002) and
(004) Bragg reflections are noticeably stronger instead. Ob-
viously, MnBi crystals tend to orient their c-axis along the
magnetic field of H; at a temperature of above 7. Due to
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FIG. 4. (Color online) Magnetizations of samples quenched at 10 T, which are measured parallel to and normal to the fabrication field H [ at (a) 300 and (b)

50 K, respectively.
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FIG. 5. (Color online) Hysteresis loops of samples quenched at 10 T, which
are measured parallel to and normal to the fabrication field H, at (a) 300 and
(b) 50 K, respectively. Two insets show the enlarged regions close to the
coercive field in two loops at 300 and 50 K, respectively.

quenching, the crystal quality of MnBi-Bi composites is
worse than that of the solidifying samples. In comparison to
a bonded magnet, where magnetic powders are aligned in
magnetic fields and fixed with epoxy resins,” the textured
MnBi crystals produced by the present method show a
prominent feature, i.e., not only the alignment along the
c-axis but also the large grains. It is more important that the
present method can prevent the composition segregation of
alloys, which gives rise to in sifu alignment of crystals. Thus,
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it is expected to obtain the interesting structural and mag-
netic properties in the quenching sample.

It is understandable for the magnetic-alignment proce-
dure to be well below T,. It is hard to determine whether it is
possible to magnetically align MnBi crystals at a high tem-
perature, especially above T, (the absence of FM phases).
MnBi is FM and easily magnetized along the c-axis below
T.. According to the phase diagram of Bi—Mn system, there
is a mix of solid high-temperature phase MnBi and liquid Bi
in the temperature range from 7, to 719 K. During the heat-
ing process, T, of MnBi increases from 628 K (0 T) to nearly
650 K under an applied magnetic field of 10 T." Hence, the
temperature of 653 K is quite critical since it is very close to
T. under 10 T. The ratio of the saturation magnetization be-
tween the Q-10 T sample and a reference sample (the com-
pletely FM MnBi) is ~25%. It means that about 25% of the
sample volume has been transformed from the paramagnetic
(PM) into the FM state isothermally during 30 min in the 10
T magnetic field, while about 75% of the sample volume
remains in the PM state. PM and FM phases coexist in the
0-10 T sample, leading to a magnetically heterogeneous sys-
tem in a chemically homogeneous specimen. With the coex-
istence, MnBi can be magnetically induced to rotate in vis-
cous Bi liquid. Thus MnBi grains are oriented along the
direction of the magnetic field since there is the interaction
between the applied magnetic field and the strong magnetic
moment induced from the FM state.

In the viscous liquid, the torque induced by the applied
field on each MnBi particle can be calculated on the basis of
the magnetic moment from MnBi compound. At a higher
temperature, a larger magnetic field is necessary to enhance
T., overcome strong thermal fluctuation, and then rotate
MnBi particle. In the case of Bi-6 wt % Mn alloys, a mag-
netic field of 10 T is strong enough to align MnBi in the Bi
matrix at 653 K. On the other hand, the magnetic dynamics
near T, is also important to understand the mechanisms of
the alignment. Several factors, which may affect the mag-
netic dynamics, are the particle magnetic moment, tempera-
ture, and the strength of the applied field. Further experi-
ments and analyses are ongoing.

To determine the anisotropy in magnetic properties, the
samples were cut in such a way that the magnetization mea-
surement could be performed from two directions, i.e., mag-
netizations parallel and perpendicular to the direction of the
fabrication field. Figure 4 shows the magnetization curves
for the 0-10 T sample (quenched under 10 T) at tempera-
tures of (a) 300 and (b) 50 K. The magnetization curves

TABLE 1. Sample name, fabrication field, fabrication temperature, coercive field along fabrication field, aniso-

tropy field, and alignment factor for the samples studied.

Sample Fabrication field Fabrication temperature Coercive field Anisotropy field Alignment

name (T) (K) at 300 K (Oe) at 300 K (Oe) factor
The O T sample 0 Solidifying from 548 K 2735 1000 0.5
The 0.3 T sample 0.3 Solidifying from 548 K 1567 35000 0.6
The 0.5 T sample 0.5 Solidifying from 548 K 1496 50 000 0.93
The 1 T sample 1 Solidifying from 548 K 1382 48 000 0.92
The Q-5 T sample 5 Quenching at 653 K 294 1600 0.5
The Q-10 T sample 10 Quenching at 653 K 842 60 000 0.9
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exhibit the pronounced differences between the applied field
parallel and perpendicular to the direction of the alignment.
The magnetization curves along the direction of H are easier
to saturate than those normal to the direction of H;. Aniso-
tropy fields for the sample at 50 and 300 K are about 9 and
6 T, respectively. This experimental result suggests that there
exists a very strong anisotropy in the MnBi compound, and
the anisotropy field decreases with increase in temperature.

In Fig. 5, hysteresis loops of the Q-10 T sample mea-
sured at 50 and 300 K are displayed, respectively. The coer-
cive field H,. perpendicular to H, is a bit larger than that
parallel to Hy, which can be seen in the insets. This behavior
is different from what is observed in MnBi films and bulk
materials. Even if the crystallites are not entirely c-axis ori-
ented, the coercivity should be larger along the easy axis.
The exact mechanism for the behavior of H, is not com-
pletely understood on the basis of the present experimental
results. A possible explanation is that the magnetization re-
versal in the uniaxial Q-10 T sample takes place nearly ex-
clusively by the displacement of domain walls. A similar
behavior of H,. occurs as well in such uniaxial materials.” On
the other hand, the quench processing in high magnetic field
will induce stress anisotropy and defects anisotropy. The
stress anisotropy and defects anisotropy affect reversible
magnetization rotation and irreversible displacement of do-
main walls for oriented MnBi particles with uniaxial aniso-
tropy. So they can also affect the coercivity. It can be also
found that the remanent magnetization M, parallel to H; is
larger than that perpendicular to Hy, as shown in Fig. 5. Both
parallel and perpendicular to H, the saturation magnetization
M, decreases, but H. and M, increase with the increase in
temperature. Interestingly, H. and M, are apparently pre-
sented at 50 K for the Q-10 T sample while they are hardly
observed for the 0.5 T sample.16

For a material with uniaxial crystal structure, the align-
ment factor p=M,/ M, (where M, is the remanent magneti-
zation along the H, and M is the saturation magnetization)
should have a value ranging from 0.5 (corresponding to a
completely random distribution) to 1.0 (corresponding to a
perfect adignment).18 Since 7 can serve as a good measure
for the degree of particle alignment, it is used to reflect the
degree of MnBi crystal alignment in this paper. There is a
successful alignment of MnBi crystal for the Q-10 T sample
since it reaches an alignment factor of 0.9, which is consis-
tent with results for the 0.5 and 1.0 T samples (see Table I).
In order to compare the other effects of processing factors,
the related properties for various samples are also listed in
Table L. It can be seen that the coercive field at 300 K de-
creases with the increase in fabrication field in the case of
solidification from 548 K. However, the anisotropy field at
300 K and the alignment factor raise reach a saturation value
at a fabrication field of 0.5 T. Interestingly, the coercive field,
the anisotropy field, and the alignment factor all increase
with the fabrication field in the case of quenching from 653
K. The coercive field in the quenching sample is much
smaller than that in the solidifying one with a similar extent
in alignment. The anisotropy field in the quenching samples,
however, is slightly larger than that in the solidifying ones. It
is possible that the quenching process causes some amor-
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phous phases and the smaller coercive field. The large aniso-
tropy field can be attributed to the pinning effect during
quenching.

In order to further understand the magnetization behav-
ior of the Q-10 T sample, a.c. susceptibility is investigated.
Figure 6(a) shows the temperature dependence on the real
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FIG. 6. (Color online) Temperature dependence of a.c. susceptibility for the
0-10 T sample at 100 Hz and 10 kHz. (a) The real (x’) component, (b) the
imaginary (y”) component in the temperature range from 180 to 260 K, and
(c) the imaginary (x”) component in the temperature range from 2 to 50 K.
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(x') component of the ac susceptibility at 100 Hz and 10
kHz, respectively. The x'(T) curve displays a quasi-double-
peak at temperatures of ~208 and ~225 K, respectively.
The corresponding frequencies are 10 kHz and 100 Hz, re-
spectively. The peak of temperature shifts toward low tem-
peratures, while the height of the susceptibility peak dimin-
ishes with increasing frequency. In addition, there is a
decreasing trend at ~10 K. To further show the changes at
the given temperature of 10 K as well as the peak tempera-
ture, the temperature dependence of the imaginary (y”) com-
ponent of the a.c. susceptibility is given in Figs. 6(b) and
6(c). It reveals that the quasi-double-peak in Fig. 6(a) turns
into a two-hump in Fig. 6(b). The two-hump temperature
also shifts toward low temperatures, but the height of the
susceptibility peak increases with the increasing of fre-
quency. In Fig. 6(c), the x"(T) curve interestingly exhibits a
new hump at 7.6 K under 100 Hz and at 9.7 K under 10 kHz,
respectively. With the increasing of frequency, the hump
temperature shifts toward high temperatures. As well known,
in a spin glass system, the sharp cusp in the a.c. susceptibil-
ity occurs, the peak temperature shifts toward high tempera-
tures, and the height of the susceptibility peak diminishes
with the increasing of frequency.lg’20 Although present re-
sults are not consistent with them, we suppose that the stud-
ied MnBi system may have a slight amount of spin-disorder
phases formed during the quenching process. The peak
and/or hump are not so sharp, implying that FM order is
formed.

IV. CONCLUSION

In the present work, a high-field processing approach has
been employed to align MnBi crystals in the Bi matrix at a
high temperature (~653 K). As a result of coexistence of
PM and FM phases near to 7,, MnBi can be magnetically
induced to rotate in the viscous Bi liquid. Both optical mi-
crographs and XRD results have shown the clear evidence of
magnetic alignment. Due to the induced enhancement of 7,
and strong magnetic moments from the FM MnBi, the high
magnetic field of 10 T is sufficient to rotate the MnBi in the
viscous Bi liquid at a high temperature. The magnetization
behaviors show pronounced anisotropy that results from the
alignment of crystals. For two directions, parallel and per-
pendicular to the fabrication field, the coercive field and the
remanent magnetization increase with the increase in tem-
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perature. There are apparent coercive field and remanent
magnetization at 50 K for the quenching sample, which is
different from results for the magnetic solidifying sample.
The ac susceptibility measurements reveal some spin-
disorder phases existing in the samples, which may result
from the quenching process.
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