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Hard magnetic MnBi films were obtained by appropriate heat treatments of pulsed laser deposited (PLD) (Bi/Mn)
films. X-ray diffraction patterns indicated a slight texture of MnBi crystallites and magnetometry measurements
showed a slight preferential growth of the crystallites with their c-axis perpendicular to the film plane. Magnetic
force microscopy (MFM) measurements displayed the presence of magnetic domains, whose size was in the
micrometer range, and which were correlated to the MnBi grains observed in the sample. The addition of extra
Mn layers did not modify significantly the previous structural and magnetic results. Nevertheless, the size of the
magnetic domains increased to a few microns. However, on adding extra Bi layers, upon annealing, the MnBi
grains grew with their c-axes perpendicular to the film plane. A perpendicular to the film magnetic anisotropy
was deduced from the hysteresis loops, where an increase in the remanence of the magnetization was measured
when the magnetic field was applied perpendicular to the film plane. In these samples, by measuring the
magnetic domain configuration of the samples by MFM, we observed that the size of the magnetic domains
exceeded the dimensions of the grains. This change in the magnetic structure of the films was assumed to be due
to the coupling of the magnetization in the neighboring grains, and it was responsible for the decrease of the

coercivity in the Bi rich samples.

1. Introduction

MnBi has recently been demonstrated to be a good candidate to
develop rare-earth-free permanent magnet materials. This compound
may exhibit a value of its saturation magnetization (poMs) close to 0.7 T,
a coercive field (poHc) well above 1 T and a Curie temperature on the
order of 630 K that makes it quite appropriate for its use at elevated
temperature [1,2]. MnBi, in its low temperature (LT) phase shows a
rombohedral structure similar to NiAs which can be indexed in the P63/
mmc group. The magnetic moment in this MnBi alloy points along the c-
axis of this crystalline structure [3].

MnBi hard magnetic films have been deposited by a wide variety of
techniques, including sputtering [4-10], thermal and e-beam evapora-
tion [11-13] and pulsed laser deposition [14-16]. The fabrication of
these films as well as the study of their structural and magnetic prop-
erties can provide a useful insight for the further development of bulk
permanent magnets.

In order to improve the hard magnetic property of MnBi compounds,
previous works in the literature detailed the procedures to enhance the
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maximum BH product of the compound through different methods. For
instance, heat treatments in the presence of magnetic fields gave rise to
the orientation of the MnBi crystallites originating an alignment of the
easy magnetization axes in the different grains [12]. Also, the addition
of ferromagnetic layers with high saturation magnetization, that were
coupled to the MnBi structure through exchange coupling, originated an
increase in the total saturation magnetization of the system [17-21].
Furthermore, the control of the orientation of the MnBi crystallites
through the deposition of Bi buffer layers has been used to tailor the
magnetic properties of the MnBi compounds [14,15,22,23] although in
different geometries, compared to the ones in this particular work.

In this framework, we fabricated MnBi films by laser deposition and
we changed the environment of the MnBi grains by adding extra layers
of either Mn or Bi. Particularly, for the films with extra Bi layers,
showing an orientation of their c-axes perpendicular to the film plane,
their hard magnetic property changed considerably. A correlation be-
tween the changes in the magnetic domain configurations of the MnBi
films with extra Bi layers and the modifications in their magnetic
properties was shown throughout this work.
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2. Experimental

PLD films were fabricated with a laser whose energy per pulse was
350 mJ, at a frequency of 20 Hz and with a pulse duration of 6 ns and a
wavelength of 1064 nm. The deposition of the films took place at a
typical pressure of 10> mbar. Particular details of the deposition tech-
nique were described in a previous work [24].

The samples were built by alternatively depositing Bi and Mn. Bi was
deposited for ten seconds with an average deposition rate of 19 nm/min.
Subsequently, Mn was laser deposited for twenty seconds with an
average deposition rate of 4.2 nm/min. In these samples the relative
concentration of Bi with respect to Mn was relative larger than the one
measured in similar samples described in a previous work [16]. This
basic deposition structure BizonmMnj 4nm was repeated 40 times in
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every sample, and it was particularly chosen since, after appropriate
heat treatments, the LT a-MnBi phase was originated in the films. The
atomic composition of the previous (BizonmMnianm)4o film was
(Bip.45sMng 55). The atomic composition of some of the films was deter-
mined with the microanalysis probe of a JEOL JSM-5610 LV Scanning
Electron Microscope. In some samples, we also added a 20 nm thick (in
average) Mn buffer layer as well as a 20 nm (in average) thick Mn
capping layer to the basic 40 (Bi/Mn) structure. And in other samples, to
the basic (Bi/Mn) building block, we added both a 50 nm thick (in
average) Bi buffer layer and a 50 nm (in average) thick Bi capping layer.
In all the samples, a 15 nm (in average) thick Ta protective layer was
deposited to avoid oxidation. For all these samples, the distance between
the target and the glass substrates was 85 mm.

As indicated above, annealing processes on every sample were
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Fig. 1. X-ray diffraction patterns (a), (d), (g), room temperature magnetic hysteresis loops (b), (e), (h) and MFM images (c), (f), (i) of the (Bi3 2nmMn1 4nm)40/Ta150m
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films that were annealed respectively at 240, 255 and 300 °C. (Notice that the vertical scales in figures (b), (e) and (h) are different).
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performed ex-situ in a homemade furnace in a dynamic Ar atmosphere.
The temperature increased at a rate of 9 K/min until the annealing
temperature, that was kept for 2 min. The decreasing rate was 9 K/min
too.

X-ray diffraction patterns on the different samples were measured
with a Seifert XRD3000 diffractometer using the Cu K-a radiation in the
0-20 geometry. Rocking curve measurements, changing the omega
angle, around particular diffraction peaks were also performed.

The room temperature hysteresis loops of the samples were
measured with an EG&G vibrating sample magnetometer (VSM) at room
temperature and in magnetic fields up to 1.7 T.

The surface morphology of the samples and the magnetic configu-
ration at the microscopic scale were measured with a Nanotec atomic/
magnetic force microscope (AFM/MFM) [25] and with commercial
MESP tips from Veeco coated with a CoCr layer. The thickness of the
films was also measured by AFM and the previously mentioned values of
the deposition rates were extracted from these measurements. The MFM
images in these hard magnetic films corresponded to the magnetic
domain configurations [26]. The contrast in the scale in the different
MFM images was normalized. In this way, a direct comparison of the
interaction of the MFM tip and the different samples could be
established.

3. Results

3.1. (Biz.20mMny. 4nm) 40 film

The films were initially annealed to 240 °C. The X-ray diffraction
pattern of the sample, cf. Fig. 1(a), revealed the presence of an incipient
polycristalline MnBi phase through the presence of the (101) diffraction
peak of MnBi, as well as the presence of pure Bi that had not been
combined with Mn after annealing at 240 °C. No peaks corresponding to
pure Mn were observed in the X-ray diffraction patterns, indicating that
Mn could remain in the sample either in an amorphous or nano-
crystalline phase. The magnetic hysteresis loops of this sample, with the
applied magnetic field either in the plane of the sample or perpendicular
to it, are represented in Fig. 1(b). The value of the measured magneti-
zation in the sample was relatively small, compared to the value of bulk
MnBi. This particular magnetization was originated by MnBi particles as
shown in the MFM image of the demagnetized sample, represented in
Fig. 1(c). The estimated average size of the MnBi particles in this sample
was around 500 nm, from the MFM measurements.

On annealing the sample at a higher temperature, 255 °C, the volume
of the MnBi phase was enhanced in the sample. Thus, the intensity of the
(101) characteristic peak of the MnBi phase also increased, cf. Fig. 1(d).
The magnetization of the sample annealed at 255 °C, cf. Fig. 1(e)
increased too, both when the magnetic field was applied along the in
plane or along the perpendicular to the film plane direction. The
isotropic behaviour of the magnetization indicated that the c-axis of the
MnBi grains, i.e. the directions where the magnetization pointed, were
randomly distributed in the sample. The 10x10 pm? MFM image of the
demagnetized 255 °C annealed sample, cf. Fig. 1(f) showed the presence
of MnBi magnetic domains whose size was approximately in the range of
800 nm.

When the annealing temperature rose to 300 °C, the volume of MnBi
phase in our samples reached its maximum value, meanwhile the
remaining amount of Bi was in its minimum value in the sample. Thus,
cf. Fig. 1(g), the intensity of the characteristic (101) MnBi diffraction
peak reached its highest value and the Bi (102) peak was almost
negligible. Only a small fraction of Bi remained in the sample, oriented
in such a way that the Bi grains grew with the c-axis of the Bi hexagonal
structure perpendicular to the plane of the sample. In Fig. 1(h), the
magnetization of the sample increased to 450 emu/cm? at room tem-
perature and for an applied magnetic field of 1.7 Tesla perpendicular to
the film plane. When the applied magnetic field was in the plane of the
sample, the magnetization reached a smaller value, around 425 emu/
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cm®. A slight preferential orientation of the magnetization of the sample
along the perpendicular direction could inferred from the room tem-
perature magnetization isotherms. The 10x10 pm? MFM image of the
300 °C annealed sample, cf. Fig. 1(i) showed a magnetic domain
configuration where the size of the magnetic domains was in the range
of 1 um. Heat treatments at tempertures slightly above 300 °C did not
show considerable differences with respect to what was shown in Fig. 1
(g), 1(h) and 1(i). The volume fraction of the MnBi phase in the
(Bi3.2nmMn1 anm)4o film sample was 80%. This estimation was obtained
through the magnetic moment of the samples, measured by VSM and the
volume of the samples, where their thicknesses were measured by AFM.
The volume of the Ta protective layer was not taken into account.

3.2. Mnzonm/ (Biz 2nmMny. 4nm) 40/ Mni2onm film

The Mngonm/(Bis.2nmMn1 4nm)40/Mngonm film was initially annealed
at 240 °C, which for this sample, was the temperature of the onset of the
formation of the MnBi phase, since an incipient maximum correspond-
ing to the (101) diffraction peak of polycrystalline MnBi was observed
in the X-ray diffraction pattern of the Mnggnm/(Bis.2nmMni 4nm)4o/
Mnyonm sample cf. Fig. 2(a), which was not previously observed after
annealing the samples at lower temperatures. The (003) and (102) Bi
diffraction peaks were also observed in that pattern. Again, no trace of
Mn peaks were detected in the X-ray diffraction patterns, indicating
again that the extra content of Mn might remain in the sample either in
an amorphous or nanocrystalline state. The room temperature hysteresis
loops of the sample, measured with the applied magnetic field both
parallel and perpendicular to the film plane, are shown in Fig. 2(b). The
MnBi particles that grew at 240 °C gave rise to an isotropic magnetic
behavior. In Fig. 2(c) a 20 x 20 pm2 MFM image is displayed. The
presence of MnBi single magnetic domains whose size was on the order
of 1 pm is evidenced in this image.

The film was subsequently annealed at 250 °C. The X-ray diffraction
pattern of this sample is shown in Fig. 2(d). The characteristic (101)
peak of the polycrystalline MnBi phase was observed, as well as the
(102) maximum of the Bi phase, indicating that still not all the Bi had
been alloyed with the Mn. The room temperature magnetic hysteresis
loops corresponding to this sample are displayed in Fig. 2(e). Hysteresis
loops with the applied magnetic field both in the film plane and also
perpendicular to the film are displayed in the figure. A slight preferential
orientation of the magnetization perpendicular to the film plane was
observed and a maximum magnetization on the order of 400 emu/cm®
was measured for the perpendicular configuration. The MFM image
corresponding to this sample is displayed in Fig. 2(f). The size and the
amount of magnetic domains increased in this sample, compared to the
previous image. Consequently, in this temperature range, the increase in
the annealing temperature seemed to promote the growth in number
and in size of the MnBi grains, giving rise to an increase in the intensity
of the MnBi diffraction peaks and of the magnetization of the sample.

On increasing the annealing temperature to 260 °C, the X-ray
diffraction pattern of the sample, see Fig. 2(g), shows an increase in the
intensity of the (101) MnBi peak, at the expense of the decrease of the
(102) Bi diffraction maximum. This result confirmed that on increasing
the annealing temperature the alloying process of Mn and Bi continued.
Still a small amount of Bi remained unalloyed and its presence was
manifested mainly in the (003) Bi peak. This result also indicates that
this unalloyed Bi grew with its c-axis perpendicular to the film plane
upon increasing the annealing temperature.

The room temperature hysteresis loops with the magnetic field
applied along the in plane or perpendicular to the plane direction are
shown in Fig. 2(h). The magnetization of the sample measured
perpendicular to the film plane increased slightly, as well as the
anisotropy in the magnetization. The presence of the Bi grains grown
with their c-axis perpendicular to the film plane could promote this
slight anisotropic behaviour that was not very different from what was
observed in the MnBi samples without the Mn buffer and capping layers.
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The corresponding MFM image for this sample is displayed in Fig. 2(i).
As indicated above, the contrast in the different MFM images is the
same. In this Fig. 2(i), definitely the number and the size of the magnetic
domains (up to 4 pm) increased, with respect to the previous images
from samples annealed at lower temperatures. In 2(i) the magnetic
contrast occupies a larger amount of the image, which suggest that the
MnBi phase was the prevailing phase in the sample. The volume fraction
of the MnBi phase in Mnyonm/(Bis.2nmMni 4nm)40/Mnognm film sample
was 78%. The volume of the buffer and capping Mn layers as well as the
volume of the Ta protective layer were not taken into account for this
estimation.

When comparing the results of both the X-ray diffraction patterns
and the magnetic hysteresis loops of the MnBi samples with or without
Mn buffer and capping layers (from Figs. 1 and 2), no significant dif-
ferences were found. So, this comparison indicated that the presence of
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Fig. 2. X-ray diffraction patterns (a), (d), (g), room temperature magnetic hysteresis loops (b), (e), (h) and MFM images (c), (f), (i) of the Mnaonm/(Biz.2nmMni 4nm)40/
Mngonm films that were annealed respectively at 240, 250 and 260 °C. (Notice that the vertical scales in figures (b), (e) and (h) are different).

an extra amount of Mn did not modify either the structure or the mag-
netic properties of the MnBi system. Just the increase in the size of the
magnetic domains in the samples with extra Mn layers was the most
significant change due to the addition of Mn.

3.3. Bisonm/ (Bi3.2nmMny. 4nm) 40/ Bisonm film

The X-ray diffraction pattern of the Bisonm/(Bi3 2nmMni 4nm)4o/
Bisonm sample annealed at 150 °C is represented in Fig. 3(a). At this
annealing temperature an incipient MnBi phase was present. Still, a
significant amount of Bi grown with their c-axis perpendicular to the
deposition plane was present. Consequently, the (003) Bi diffraction
peak showed a relatively high intensity. As indicated above, the pres-
ence of these preferentially oriented Bi grains promoted the formation of
MnBi grains growing also with their c-axes perpendicular to the film
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Fig. 3. X-ray diffraction patterns (a), (d), (g), room temperature magnetic hysteresis loops (b), (e), (h) and MFM images (c), (), (i) of the Bisonm/(Biz.2nmMn1 4nm)40/
Bisonm films that were annealed respectively at 150, 172 and 220 °C. (Notice that the vertical scales in figures (b), (e) and (h) are different).

plane. In this way, for MnBi, only the (002) diffraction peak was
observed and not the characteristic (101) peak of the polycrystalline
MnBi. The room temperature magnetic hysteresis loops of the 150 °C
annealed sample are shown in Fig. 3 (b). The main characteristic
extracted from these magnetization isotherms was the existence of an
easy magnetization direction perpendicular to the film plane. When the
magnetic field was applied along the perpendicular direction, the hys-
teresis loop showed a remanence to saturation, M;/Msg, ratio close to 1
and a coercive field (joH.) on the order of 1.35 T. On the other side,
when the magnetic field was applied in the plane of the sample, an
anhysteretic almost linear hysteresis loop was found. Fig. 3(c) displays a
20x20 pm2 MFM image of the 150 °C annealed Bisgym/
(Bi3.2nmMni 4nm)40/Bisonm/Taisnm sample in the remanent state. The

presence of individual MnBi magnetic domains whose size is on the
order of 1 pm was evidenced through this image. In these MnBi single
domains, according to the MFM image, the magnetization pointed
perpendicular to the plane of the sample.

On annealing the Bisonm/(Bis2nmMni anm)40/Bisonm sample to
172 °C, the corresponding X-ray diffraction pattern, cf. Fig. 3(d) showed
similar features compared to the sample shown before. Again, the (003)
Bi peak as well as the (002) MnBi maximum were observed. Also, a
contribution of the characteristic (102) peak of the polycrystalline Bi
was measured. However, the (101) peak of polycrystalline MnBi was
not observed at all. Consequently, this result reinforced the previous
assumption that the growth of the Bi crystallites perpendicular to the
film plane promoted a similar growth in the MnBi crystallites. Room
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temperature hysteresis loop of the 172 °C annealed sample are displayed
in Fig. 3(e). These hysteresis loops confirm the existence of a perpen-
dicular magnetic anisotropy as a consequence of the grain growth with
the c-axis of the MnBi crystals perpendicular to the film plane. By
extrapolation, the anisotropy field (poHg) of the sample would be
approximately 3.5 T. For this 172 °C annealed, the value of the coercive
field decreased to 1 Tesla. The 20x20 um? MFM image of the 172 °C
annealed Bi/(MnBi)/Bi sample is shown in Fig. 3(f). Again, MnBi single
domains were observed in the image, but in this sample annealed at
172 °C, the average size of the domains had increased to 4 pm. Also, in
this image, the high contrast observed in the MnBi domains indicated
that the magnetization in these domains pointed perpendicular to the
film plane.

The X-ray diffraction pattern of the Bisonm/(Bis.2nmMni1.4nm)40/
Bisonm Sample annealed to 220 °C is displayed in Fig. 3 (g). The increase
of the intensity of the (002) MnBi diffraction peak indicated a further
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growth of the MnBi phase in the sample. Again, this MnBi phase grew
with the c-axis of its crystalline structure perpendicular to the film plane.
No trace of the characteristic (101) diffraction peak of polycrystalline
MnBi was detected. The magnetization of the 220 °C annealed sample
also increased to 500 emu/cm?, cf. the perpendicular hysteresis loop of
Fig. 3(h). Again, the in-plane hysteresis loop was an almost linear
anhysteretic curve indicating the presence of a perpendicular to the
plane magnetic anisotropy, with extrapolated anisotropy field on the
order of 3.5 T. In this sample, the coercive field in the perpendicular
direction significantly decreased to 0.1 Tesla. The 20x20 pm? MFM
image of the 220 °C annealed Bi/(MnBi)/Bi sample is shown in Fig. 3(i).
As the MnBi phase continued growing in the film, as annealing tem-
peratures increased, a multidomain magnetic structure was observed in
the MFM image. It seems plausible that on increasing the volume of the
MnBi phase, a coalescence of the MnBi domains took place, leading to
the observed multidomain structure. Thus, the reversal of the
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magnetization in this sample could be due to a displacement of a domain
wall. This fact would be consistent with the decrease of the coercivity
measured in this sample. Several works reported in the scientific liter-
ature also detailed a reduction of the coercivity of the MnBi films when a
preferential orientation perpendicular to the film plane was observed
[6,7,8,11].

Thus, from the previous magnetic measurements, the most signifi-
cant characteristic of the sample with extra Bi layers was that MnBi
grains grew with a preferential orientation, different from what was
found in the samples without the Bi buffer and capping layer. Therefore,
in order to confirm this evidence from a structural viewpoint, we have
performed rocking curve measurements around some particular
diffraction peaks of the different samples. In this way, Fig. 4(a) repre-
sents the X-ray diffraction pattern of the as deposited (Bi3 2nmMni 4nm)40
sample where only the main Bi (102) peak was observed. The rocking
curve around this peak, cf. Fig. 4(b) displays a broad maximum that
could correspond to the instrumental response, rather than to a prefer-
ential growth of the Bi grains. A picture of the distribution of Bi grains
from the previous measurements is represented in Fig. 4(c). On
annealing this sample, LT-MnBi phase grew and the MnBi (101) peak
was observed in the corresponding diffraction diagram (Fig. 4(d)). A
rocking curve around this peak, Fig. 4(e) also showed a broad maximum
which indicated a slight texture of the MnBi grains. The absence of a
strong texture in the MnBi grains was thus consistent with the magnetic
measurements on this sample, showing only a weak anisotropy
perpendicular to the film plane. Also a schematic drawing of the
orientation of the MnBi grains was shown in Fig. 4(f).

On the other side, the X-ray diffraction pattern of the as deposited
Bisonm/(Bis.2nmMn1 4nm)40/Bisonm film displayed a strong Bi (00 3) peak,
cf. Fig. 4(g). The rocking curve performed around this Bi (003) peak,
Fig. 4(h), showed a sharper maximum, that confirmed the preferential
growth of Bi with the c-axis perpendicular to the film plane. The drawing
in Fig. 4(i) indicates this preferential growth. Thus it seems reasonable
to assume that Bi growth with a preferential orientation could serve as a
template for the further growth of MnBi grains upon annealing. Conse-
quently, Fig. 4(j) displays the X-ray diffraction pattern of the Bisonm/
(Bi3.2nmMnN1 4nm)40/Bisonm film annealed at 220 °C, where the MnBi
(002) was observed. A rocking curve measurement around this peak, cf.
Fig. 4(k), confirmed the assumed preferential growth of the MnBi grains
by showing a sharp maximum (FWHM = 3°) around an omega angle of
14.6°. Again, the picture in Fig. 4(1) indicated the preferential growth of
the MnBi grains with their c-axes in the perpendicular direction.

It is worth pointing out that in this Bisonm/(Bis.2nmMni.4nm)40/
Bisonm/Ta1snm sample the temperature of the formation of the MnBi
phase was considerably reduced (by more than 50 °C) with respect to
what was observed in the (Biz 2nmMnj 4nm)40/Ta1snm sample. Further-
more, this reduction was even larger (by roughly 120 °C) when
compared to previous samples [16] with lower relative content of Bi in
the film. The mechanism responsible for the formation of the MnBi
phase at different temperatures, could be the diffusion of Mn and Bi
atoms throughout the samples upon annealing. The diffusion coefficient
of both Mn and Bi is governed by an activation mechanism described by
an Arrhenius law. In this respect, the activation energy roughly depends
on the melting temperature. Since the melting temperature of Bi is 544
K, and the melting temperature of Mn is 1521 K, the diffusion coefficient
at the typical annealing temperatures described in this manuscript is
much larger for Bi than for Mn. Thus, in this case, the diffusion constant
for Bi at the annealing temperature range could be around 10 ¥ m?s71,
while the diffusion coefficient for Mn in the same temperature range
could be 1072° m? s~! [27]. It could thus be reasonable to assume that
on increasing the Bi concentration, the diffusion of atoms to generate the
LT-MnBi phase would increase. Consequently, the formation of the MnBi
phase in our samples could take place at lower temperatures.
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4. Discussion

The influence of the environment on the structure, magnetic domain
configuration and magnetic properties of MnBi samples was manifested
through the previous results. Thus, X-ray diffraction pattern of the
(Bi3.2nmMny 4nm)40/Taisnm films displayed a polycrystalline structure
where approximately the c-axis of the MnBi grains pointed in random
directions. Since the magnetization of MnBi was along the c-axis di-
rection, the magnetization of the previous samples was close to
isotropic. Only a small preferential growth of the MnBi crystallites in the
sample anneaded at 300 °C, in the perpendicular to the plane direction
seemed to originate the slight difference between the hysteresis loops
measured with the applied magnetic field either perpendicular or par-
allel to the film plane. In this (Bi32nmMni.4nm)40/Ta1snm sample, the
magnetization was correlated to the structure of the films. Thus Fig. 5(a)
shows the AFM images of a similar film annealed at 330 °C. The presence
of MnBi grains, whose size is in the micron range was evidenced in the
topographic image. Fig. 5(b), (c) and (d) show the MFM images that
corresponded to different magnetic states of the film:

— the sample in a negative remanent state after the application of a
magnetic field of —1.7 T perpendicular to the film plane (Fig. 5(b)),

— the sample in the demagnetized state (Fig. 5(c)),

— and the sample in a positive remanent state after the application of a
magnetic field of 1.7 T, perpendicular to the film plane (Fig. 5(d)).

These MFM images display the presence of magnetic domains
through bright and dark regions whose size was in average around 2 pm.
Both in the topographic image as well as in the magnetic images we have
highlighted the magnetic state corresponding to two MnBi grains (par-
ticles 1 and 2 in Fig. 5). Their size, from the topographic image, was also
around 2 pm. These two particles displayed different domain configu-
rations depending on the macroscopic magnetic state of the sample.
Nevertheless, these different domain configurations within the particles
were restricted to the volume of every particle, which suggested that the
magnetic state of the particles was directly correlated to the particle’s
morphology. It would be reasonable to assume that these MnBi particles
that constitute the sample, could behave like weakly interacting parti-
cles, since the almost random distribution of their easy magnetization
directions as well as the high value of the uniaxial anisotropy energy, Ku
(=1 0°® J/mg) [23], could prevent their coupling via a direct exchange
interaction.

The AFM images of the Mnzonm/(Biz.20yMn1.4nm)40/Mn2onm/Ta150m
film annealed at 260 °C, are shown in Fig. 6(a) and 6(c) meanwhile the
MFM images for the same sample are displayed in Fig. 6(b) and 6(d). In
this sample, the correlation between the structure of the MnBi grains and
their magnetism was not direct. Thus, grains with a broad distribution of
sizes between 400 nm and 4 pm were observed in the AFM images.
Magnetic domains, whose size is far beyond the micron size, do not seem
to be correlated with most of the grains observed in the AFM images.
However, some correlation may be observed between one particle on the
bottom of Fig. 6 (a) (highlighted with a circle) that has a corresponding
magnetic domain in Fig. 6 (b). Also, a large particle (whose size was
roughly 5 pm, highlighted with a circle, too) was clearly observed in
Fig. 6 (c). This particle originated a strong magnetic contrast (see Fig. 6
(d)) corresponding to a particle’s magnetic moment on the film plane.
Nevertheless, in spite of the former correspondences, the correlation
between structure and magnetic domain configuration was progres-
sively lost in this sample.

In the Bisgnm/(Biz.onmMn1 4nm)40/Bisonm/Ta1snm film, no correlation
at all, between topography (cf. Fig. 7 (a)) and magnetism (cf. Fig. 7 (b))
could be found in the sample annealed at 220 °C. This lack of direct
correlation between topography and magnetism was also found in the
magnetic domain structure of SmCos magnets [28]. The MFM image on
the 220 °C annealed sample displayed a multidomain structure where
the magnetization pointed either upwards or downwards. In this
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Fig. 5. 30 * 30 pm2 AFM (a) and MFM (b), (c) and (d), images of a (Bi/Mn) film that was annealed at 330 °C in different magnetic states. The topography and the

magnetic domain configuration of particles 1 and 2 are highlighted in the figure.

situation it would be reasonable to assume that the magnetic moments of
the different MnBi grains with their c-axes parallel, could be coupled by
the exchange interaction, leading to large perpendicular magnetic do-
mains. In other words, the exchange coupling between the MnBi grains
would be favored by the parallel alignment of the c-axes of the MnBi
grains. The reversal of the magnetization in this sample would take place
by displacement of domain walls and consequently a decrease in the
coercivity of the sample would be observed.

A similar behavior of the coercivity was reported in MnBi alloys
obtained by the suction casting technique [29,30]. In that case, the as
cast sample consisted on a mixture of different phases, pure Mn, pure Bi
and MnBi where the size of the different regions was on the order of
several (2-6) pm. The coercivity, on the order of 0.3 T, was assumed to
be due to a nucleation process. However, the coercivity decreased
roughly one order of magnitude upon increasing the size of the MnBi
regions, beyond the tens of microns, due to annealing. The mechanism
for the coercivity in these annealed samples was the pinning mechanism.

5. Conclusion

MnBi films fabricated upon annealing PLD (Bi3 2nmMnj 4nm)4o films
displayed hard magnetic properties with saturation magnetization on
the order of 450 emu/cm? and coercivity around 1 Tesla. The annealed
samples displayed a MnBi polycristalline structure with a random

distribution of the c-axes of the MnBi grains, giving rise to an almost
isotropic magnetization. Magnetic domains whose size was in the range
between 1 and 2 pm, associated to the presence of MnBi grains, were
observed in the MFM image.

When Mn was added to the previous sample as buffer and capping
layers, Mngonm/(Bis 2nmMn1 4nm)40/Mnoonm, the macroscopic properties
of the annealed sample did not change, compared to the sample without
extra Mn layers: the almost isotropic saturation magnetization was also
450 emu/cm® and the coercivity around 1 Tesla. The X-ray diffraction
pattern of this sample also showed a MnBi polycristalline structure.
However, for this sample the size of the magnetic domains were larger
than those in the sample without the extra Mn layer and larger than most
of the grains observed on the surface of the film. However still some
correlation between the magnetization and granular structure was found
on this Mn rich sample. In some grains whose size was in the range from
2 to 4 pm, magnetic domains confined to the volume of the particles
were found.

On the contrary, when adding extra Bi buffer and capping layers a
preferential orientation of the MnBi grains, perpendicular to the film
plane, was observed through rocking curve measurements. This fact
gave rise to the observation of an out-of-plane easy magnetization di-
rection. The magnetic hysteresis loops corresponding to the annealed
samples were clearly anisotropic. Although the saturation magnetiza-

tion of the sample was 500 emu/cm®, the value of the coercivity
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Fig. 6. AFM (a), (c) and MFM (b), (d), images of the Mnyonm/(Bi3 2nmMn1 4nm)40/ MNognm/Ta1snm annealed at 260 °C. The circles in the images highlight the presence
of MnBi grains along with their magnetic domain configuration.

Fig. 7. AFM (a) and MFM (b), images of the Bisonm/(Bi3.2nmMn1.4nm)40/Bisonm/Ta1snm annealed at 220 °C.

decreased significantly (around one order of magnitude with respect to exchanged coupled since their easy magnetization directions were par-
the coercivity measured in the previous samples without extra Bi layers). allel. This fact could be on the basis of the formation of large magnetic
In this case, the magnetic moments of the different MnBi grains could be domains, uncorrelated with the particular MnBi grains. The
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magnetization reversal in this sample could take place by domain wall
motion, giving rise to the observed decrease in the coercivity of the MnBi
sample with extra Bi layers.
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