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Abstract

This work is devoted to the preparation and characterization
of Heusler alloys based on Co and Fe produced by non-traditional
method of planar �ow casting in a form of approximately 20
µm thick ribbons. Traditional arc melting and induction melting
techniques were used to produce button-type ingots for compa-
rison with ribbons. All technologies were applied for preparation
of Co2FeSi, Co2FeAl and Fe2MnSi Heusler alloys.

Present results have con�rmed that planar �ow casting tech-
nology can be successfully used next to the traditional methods.
All samples featured corresponding composition and crystal struc-
ture typical for Heusler alloys. Their analysis, from the view-
point of microstructure and magnetism, has included X-ray di-
�raction, scanning electron microscopy, atomic and magnetic
force microscopy, vibration sample magnetometry, magneto-optic-
al magnetometry and microscopy, and Mössbauer spectrometry.

Key words: Heusler alloys, planar fow casting, arc and in-
duction melting, microstructure, magnetic properties, Mössbauer
spectrometry, X-ray di�raction.
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List of signs and symbols

Symbol Means

A intensity of Mössbuer components
a lattice crystal constant
B magnetic/hyper�ne induction
Bmean the mean parameter of hyper�ne induction
Bobs observed pro�le width
Bstd standard integral pro�le width
C Curie constant
D21 ratio of the second and �rst Mössbauer lines
d di�racting domain size
daverage mean crystallite size
E lattice microstrain
E0 energy di�erence between basic states
Er energy of recoil impulse
Gijkl tensor of linear MOKE
ϵij permittivity tensor
ϵ
(0)
ij dielectric tensor
H magnetic �eld intensity
Hc coercive �eld
I spin of nucleus
K crystalline shape factor
∆ quadrupole splitting
δ isomer shift
δmean the mean parameter of isomer shift
∆H Henkel plot magnetic �eld value



∆M intensity of Henkel plot
Kijk tensor of linear MOKE
M weight of atom
M magnetization
Mk, Ml magnetization components
m magnetic moment
MV IR(H) magnetization of virgin magnetic curve
ML longitudinal magnetization component
MP polar magnetization component
Mr remanent magnetization
Ms saturation magnetization
MT transversal magnetization component
N number of coil turns
p impuls
T temperature
Tc Curie temperature
θ angle of incidence of X-ray radiation
θs, θk angle of Kerr rotation
θsym/asym denotes the branch of loop
λ wavelength of light and radiation
R Jones re�ection matrix
rss, rsp, rps, rpp re�ection coe�cients of Jones matrix
Ui induced voltage
κ magnetic susceptibility
Φ magnetic �ux



List of abbreviations

Abbreviation Means

A Air side of the ribbons
AFM Atomic Force Microscopy
AM Arc Melting
AS ingot type Sample prepared by Arc melting
BMS Back scattered Mössbauer Spectroscopy
BSE Back Scattered Electron detector
CEMS Conversion Electron Mössbauer Spectroscopy
EDX Energy Dispersive X-ray spectroscopy
DAM Disc sample prepared by AM
DCD DC Demagnetization
DI Dipole magnetic Interaction
DIM Disc sample prepared by IM
HS Hyper�ne Splitting
ICSD Inorganic Crystal Structure Database
IM Induction Melting
IRM Isothermal Remanence
IS Isomer Shift
FC Field Curve
MFM Magnetic Force Microscopy
MO Magneto-Optical
MOKE Magneto-Optical Kerr E�ect
MOKM Magneto-Optical Kerr Microscopy
MS Mössbauer Spectroscopy
P1, P2 �rst and second Polarizers



PEM Photoelastic Modulator
PFC Planar Flow Casting
QMOKE Quadratic Magneto-Optical Kerr E�ect
QS Quadrupole Splitting
R Ribbon sample
RT Room Temperature
SE Secondary Electron detector
SEM Scanning Electron Microscopy
SO Spin-Orbit coupling
SPM Scanning Probe Microscopy
TMS Transmission Mössbauer Spectroscopy
W Wheel side of the ribbons
VSM Vibration Sample Magnetometer
XRD X-Ray Di�raction
ZFC Zero-Field Curve



1 Introduction

Heusler alloys were discovered and named by German mining
engineer and chemist Friedrich Heusler at the �rst years of 20th
century. In 1903 F. Heusler has found that compound Cu2MnSn
shows ferromagnetic properties even if it consists of nonmagne-
tic elements [1]. Such discovery was new and did not have any
explanation. Only almost thirty years later, in 1929, Potter H.
has discovered by X-ray measurements that Heusler alloys form
fcc super lattice [2]. This result was con�rmed and explained
by Bradley and Rogers in 1934 [3] by relationship among com-
position, chemical order and magnetic properties. Potter [2] and
then Persson [4] have supposed that magnetic properties result
from to the Mn atoms being arranged on a face-centered cubic
lattice. But real understanding of nature of ferromagnetism of
Heusler alloys was unknown until 1983, when J. Kübler has pub-
lished work about formation and coupling of magnetic moments
in Heusler alloys [5].

Heusler alloys form super lattice, so called Heusler phase, and
it is formed by 4 fcc lattices into L21 crystal structure with space
group Fm	3m (225). Such formation is called 'full Heusler alloy'
and has formula X2YZ with element ordering X-Y-X-Z, where
X and Y are transition metals (e.g. Fe, Co, Mn) and Z is s, p

element. Basically this formula consists essentially of two binary
B2 compounds XY and XZ both of CsCl type crystal structure.
It means that ability of a compound to form B2 structure can
indicate also the possibility to form full Heusler alloy.
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Of course, if there exist 'full' Heusler alloys, then there should
also exist 'not full'. This happens if one of the four sublattices
of L21 structure is left unoccupied, then Heusler alloy will form
so called half (or semi) Heusler phase with C1b crystal structure
which has Fm	3m (216) space group. These half Heusler alloys
have common formula XYZ.

Next members of family of Heusler compounds are inverse
Heusler alloys. These compounds also have formula X2YZ, but
here the valence of X transition metal atoms is lower than valence
of Y transition metal atoms. Such inverse alloys form so called
XA or Xα structure, where the element sequence of the atoms is
X-X-Y-Z and the prototype is Hg2TiCu [6].

Last Heusler compounds members are quaternary Heusler
alloys, or LiMgPdSb-type [7]. These quaternary alloys have for-
mula (XX')YZ and also belong to a group of full Heusler alloys.
Normally X' atom valence is lower than valence of X, and element
sequence is X-Y-X'-Z.

In 1934 A.J. Bradley [3] had wrote: "The ferromagnetism of
the Heusler alloys is not a matter of chemical composition, but
of atoms arrangement". And only at 1983 J. Kübler has explai-
ned by theoretical calculations that formation of ferromagnetism
occurs due to the exchange interaction coupling of the atoms. In
a few words: X and Y atoms form delocalized p-d bands which
lead to formation of magnetic moments on Y atoms. The inter-
actions of these localized magnetic moments are responsible for
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magnetic properties of Heusler phase. When these interactions
are mediated by X sublattice, it leads to formation of ferromag-
netism. Antiferromagnetic ordering is possible in case when mag-
netic interactions are mediated by Y site. Nevertheless this case
is complicated and depends on the position of Fermi level in the
Y-Z p-d hybrid state.

Antiferromagnetic ordering is more frequently observed at
Heusler alloys containing 3d elements. It was experimentally ob-
served on both full and semi Heusler alloys. Antiferromagne-
tism is detected favorable at Mn-based full Heusler alloys, which
have B2-type crystal structure due to smaller interatomic Mn-
Mn distances. The situation is di�erent in semi Heusler alloys.
Due to large Mn-Mn distances in C1b structure the antiferro-
magnetic interactions between Mn atoms are assumed to be me-
diated by intermediate atoms (X or Z). Ferrimagnetic ordering
(antiferromagnetic coupling of X and Y atoms) is very rare in
Heusler alloys compared to ferromagnetic or antiferromagnetic
one. Ferrimagnetism has been detected in CoMnSb, Mn2VAl,
and Mn2VGa alloys [8�10].

Nowadays the Heusler alloys represent an extraordinary class
of tunable materials with more than 4000 potential members and
a wide range of multifunctionalities and applications. Some of
these alloys have a metallic band structure for the majority spin
channel and a semiconducting band structure for the minority
one, resulting in 100% spin-polarization at the Fermi level. Such
half-metallic ferromagnets yielding also high Curie temperature
are excellent candidates for spintronics [11, 12]. One of the can-

3



didates, Co2FeSi yields very high magnetic moment (5.97±0.05)
µB/unit at low temperature of 5 K and high Curie tempera-
ture of about 1100 K [13]. In the form of (1 0 0) thin �lm de-
posited onto MgO (1 0 0) substrate, it exhibits huge quadratic
magneto-optical Kerr e�ect (QMOKE) about 30 mdeg that is the
highest QMOKE signal in re�ection so far [14]. Another interes-
ting topic concerns optical properties of Co- and Fe-based Heu-
sler alloys. These investigations show the spectral dependence of
real and imaginary part of the dielectric constant and anoma-
lous behaviour of optical conductivity in the infrared range [15].
Co-based Heusler alloys are frequently studied also for their po-
tential usage as electrode materials in magneto-resistance devi-
ces [16]. Moreover, large anomalous Hall e�ect was observed in
Co2FeSi �lms [17] and recently in GdPtBi half-Heusler antiferro-
magnets [18]. Also the mechanical properties are recently impor-
tant topics of investigations [19]. Next to ternary alloys, also qua-
ternary compositions (such as Fe2MnSi1−xGex, Co2Mn1−xFexSi,
etc.) are of interest from the composition viewpoint in�uencing
magnetic order and subsequently possible applications [20].

There are several ways how to synthesize Heusler alloys. Be-
side the conventional techniques like arc melting or induction
furnace melting of stoichiometric amounts of the constituents
in protective noble gas atmosphere into a form of bulk com-
pounds [21], there are also dc- and rf-sputtering techniques used
for formation of thin �lm on, e.g, MgO substrate [14]. Further-
more, there are still e�orts for searching Heusler alloys with im-
proved properties leading to involvement of non-traditional pre-
paration technologies [22]. As a consequence, in last few years,
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there are papers showing interesting properties of Heusler alloys
prepared either by mechanical alloying (MA) in a form of pow-
ders [23] or by planar �ow casting (PFC) technique in a form
of ribbons [24]. The various ways of synthesis lead to structu-
ral imperfections on the atomic scale (antisite atoms, vacancies
and other defects), to di�erent structure morphologies and/or
di�erent chemically ordered phases which subsequently provide
di�erent physical properties determining the various applications
of Heusler alloys.

These facts were veri�ed during attempts to apply planar
�ow casting and to prepare Co- and Fe- based Heusler alloys in
a ribbon form with eventual amorphous and/or nanocrystalline
structure [25]. Meanwhile the alloys of same composition have
been prepared by arc- and induction melting techniques to com-
pare their properties with ribbons in this work.
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2 Experimental

2.1 Preparation of samples

Samples in a form of ribbons (R), approximately 1 mm wide and
20 µm thick, were prepared by Planar Flow Casting (PFC) pro-
cedure. It is a technique usually used for preparation of amor-
phous and/or (nano)crystalline materials, mainly ribbons and
wires. In the present case, high-purity elements of Co, Fe, Si, Al
and Mn were inductively melted together and melt was additi-
onally ejaculated by argon pressure on a rotated cooper wheel,
where after rapid cooling the ribbon samples were formed. Rib-
bon side that was in contact with rotated wheel (wheel side)
has typically rougher surface in comparison to the opposite (air)
side, which is in contact with the surrounding atmosphere. This
is reason why the most of surface-sensitive measurements were
done on the air side of the ribbon. Ribbons produced by PFC
are usually �exible and easily to roll because of their amorphous
structure, but samples of Co2FeSi, Co2FeAl, and Fe2MnSi alloys
are much more brittle due to formation of crystalline Heusler
phase, so manipulation with them is rather complicated.

For the sake of comparison the ingot samples of the same
composition were produced by arc melting (AM) and induction
melting (IM) processes. Arc melted samples were prepared in
MAM-1 furnace (Buehler GmbH) with wolfram cathode. Pro-

6



duction was provided in protective argon atmosphere and each
ingot was remelted three times for achievement of maximal ho-
mogeneity. Induction melted samples were prepared at the same
conditions as AM ingots in the inductive furnace. Subsequently,
ingots were cut by spark erosion in deionized water into the discs
of 20 mm in diameter and 500 µm thick that were further po-
lished for 24 hours by Vibromet to guarantee good surface smo-
othness. Further in the text disc obtained from AM are denoted
as DAM and discs obtained from IM are denoted as DIM, sub-
sequently.

a) b) c)

Figure 1: Simple schema of preparation procedures of arc mel-
ting (a), induction melting (b), and planar �ow casting (c) toge-
ther with corresponding prepared samples below.
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2.2 Experimental techniques

Present measurements of microstructure were done using X'PERT
PRO powder di�ractometer with Co-Kα radiation (λ= 0.179 nm)
at room temperature (RT) in the range from 25◦ to 135◦ with
steps of 0.008◦ and 500 s per deg. Each sample was placed on si-
licon monocrystal plate �xed by sample holder. The di�ractome-
ter is equipped by a program X'PERT Data Collector for hard-
ware manipulation and with software HighScore Plus included
Rietveld structure re�nement method [26] for pattern analyzing.
The external ICSD database of inorganic and related structu-
res [27] was used to determine the phases and their parameters
in the studied samples. The Rietveld method compares para-
meters of a pattern inserted from the ICSD database with me-
asured di�ractogram. The parameters of di�ractogram are ste-
pwise changed and compared with parameters of inserted crystal
structure with the aim to minimize di�erence among them using
a least-squares method. HighScore plus program allows �tting
few phases simultaneously and it results in their percentage con-
tent in the measured pattern.

Samples surface morphology was investigated by a TESCAN
LYRA 3XMU FEG/SEM scanning electron microscope working
at accelerating voltage of 20 kV. Surface mapping was extended
by an XMax80 Oxford Instruments detector for energy dispersive
X-ray analysis (EDX) which was used for investigation of element
concentration.
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Mössbauer spectroscopy (MS) measurements at RT were ap-
plied using 57Co (Rh) source. Transmission geometry of MS
(TMS) was applied only for the ribbon-type samples (R); back-
scattering geometry (BMS) was used for the disc-type samples
(DAM and DIM). The calibration of velocity scales in both mea-
suring geometries was performed with α-Fe and the isomer shifts
are given with respect to the RTMössbauer spectrum of α-Fe. All
spectra were measured with nearly the same quality and evalua-
ted within the transmission integral approach using the CONFIT
program [28].

Bulk magnetic properties were checked using two kinds of
vibration sample magnetometers (VSM): EG&G Princeton Ap-
plied Research and Microsense EV9. Princeton was used for
thermomagnetic measurements in vacuum in temperature range
300 - 1100 K. EV9 was used for room temperature magnetic
measurements. The external �eld was changed in the interval
± 1600 kA/m. The magnetic characteristics, coercivity (Hc),
remnant (Mr) and saturation (Ms) magnetization, were derived
from the hysteresis loops with the accuracy of ± 1%. Additio-
nally, EV9 was used for low temperature magnetic measurements
with temperatures down to 77 K.

Surface magnetic hysteresis properties were checked by magneto-
optical Kerr e�ect (MOKE) using red laser diode with wavelen-
gth of 670 nm. Surface magnetic domain structure was checked
by two methods: with magneto-optical Kerr microscopy (MOKM)
by the specially designed polarizing microscope ZEISS; and with
magnetic force microscopy (MFM) by NTEGRA Prima AFM/MFM
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microscope equipped with CoCr tip with curvature radius 40 nm,
which allowed markedly higher resolution comparing to the op-
tical MOKM technology.
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3 Results and Discussion

3.1 Microstructure

Figure 2: X-ray di�raction patterns of measured samples at
room conditions.

XRD patterns of Co2FeSi, Co2FeAl, and Fe2MnSi samples are
shown in Fig. 2. The detected �ve main peaks con�rm presence of
cubic Heusler phase in all alloys by using ICSD databases 622893
for Co2FeSi, 57607 for Co2FeAl, 654018 and 9746 for Fe2MnSi.
Determined lattice parameters are 0.564 nm and 0.565 nm for
Co2FeSi ingots and ribbons, 0.573 nm and 0.572 nm for Co2FeAl
ingots and ribbons, 0.570 nm and 0.559 nm for Fe2MnSi ingots
and ribbons. Small peak shifts and slight di�erences in lattice
parameters are mainly caused by dissimilar size of grains and
mechanical stresses coming from the preparation process of in-
vestigated samples.

Fig. 3 presents the SEM micrographs of ingot and ribbon
samples. Average grain size of ingots is about 300 µm and 500
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Figure 3: Surface morphology obtained by SEM using back
scattering electron detector.

µm for DAM and DIM samples respectively, while for ribbons it
is approximately two orders lower (about 2-3 µm). Table 1 shows
chemical element analysis done by using EDX spectroscopy from
squares about 0.5×0.5mm. Element concentration of all samples
is in good agreement with nominal values. Formation of dendritic
structures was observed in the case of arc melted Co2FeAl discs.
Point analysis has found that dendritic structures have larger
amount of Al (approximately by 4 at.%) and less amount of
Fe, respectivelly. Such structures were observed only at Co2FeAl
samples.
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Morphology studding of Co2FeSi have found wide grain boun-
daries with alternative width about 2-10 µm, moreover EDX re-
sults obtained from grain boundaries show enrichment of Co ( 57
at. %) and Si ( 35 at. %) at the expense of Fe. On the other hand,
very thin boundaries (less than 0.1 µm) without any considerable
change of element concentration were detected at Co2FeAl ingot
sample and no any such formations were observed on Fe2MnSi
samples.

Table 1: Element concentration obtained by EDX on SEM from
areas about 0.5×0.5 mm

Co [at.%] Fe [at.%] Si [at.%] Mn [at.%] Al [at.%]

Co2FeSi
DAM 47.82±0.02 24.83±0.09 27.38±0.11 � �
DIM 48.32±0.09 24.72±0.20 26.96±0.22 � �
R 48.10±0.19 25.00±0.17 26.90±0.36 � �

Co2FeAl
DAM 48.84±0.59 24.06±1.70 � � 27.10±2.11
DIM 49.29±0.21 25.53±0.10 � � 25.18±0.31
R 40.70±2.62 22.21±1.48 � � 37.09±4.02

Fe2MnSi
DAM � 48.30±0.14 27.01±0.05 24.69±0.09 �
DIM � 48.08±0.25 27.23±0.18 24.69±0.17 �
R � 47.10±0.19 25.28±0.36 27.62±0.52 �

13



3.2 Volume magnetic properties

DAM DIM ribbon
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Figure 4: Mössbauer spectra of samples measured at room tem-
perature.

Mössbauer measurements of samples detected that Co2FeSi
and Co2FeAl are ferromagnetic and the Fe2MnSi alloy is para-
magnetic at room conditions as shown in Fig. 4. The measu-
rements of DAM and DIM samples were done in the re�ective
BMS con�guration, because of the samples thickness above 50
µm. The thickess of R sample is around 20 µm what allowed to
measure ribbon in transmission mode by TMS. DAM and DIM
samples of Co2FeSi alloy were �tted with three sub-sextets, while
R samples with seven sub-components: six sub-sextets and one
doublet. Such a big amount of sub-sextets of ribbon correspond
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to structure inhomogeneity and disordering of ribbon.

Each MS spectra of Co2FeAl was �tted with four sub-sextets
and only the spectrum of the R sample di�ers from both DAM
and DIM samples by a presence of about 15 % of the paramag-
netic component represented by two double- and one single-line
components of hyper�ne parameters; δ = 0.192(4) mm/s, ∆ =
0.517(9) mm/s, δ = 0.660(6) mm/s, ∆ = 1.831(1) mm/s, for
doublets, and δ = 0.233(7) mm/s for singlet. This paramagnetic
component can be, at present only speculatively, ascribed to the
surface chemical and topological disorder and surface oxidation.

Bulk magnetic curves of Co2FeSi samples are presented in
Fig. 5 and the main parameters are summarized in table. Sur-
prisingly, the coercive �eld (≈ 1 kA/m) is through marked di�e-
rence in grain size practically identical for ingot and ribbon sam-
ples, while the saturation magnetization is about 15-20 A·m2/kg
higher for the ribbon sample. The lower value Ms of ingots
(about 140 A·m2/kg) could be caused by a di�erent chemical
composition of grain boundaries. On the other hand, some more
favorable texture in a case of the ribbons due to technology of its
production cannot be excluded. Both e�ects have to be still clari-
�ed. The low values of Mr/Ms indicate that each grain exhibits
its own magnetocrystalline anisotropy with randomly oriented
easy axis. Negative values of minima in the Henkel plots corre-
spond to a presence of magnetic dipole interactions (DI) in all
samples. They are approximately three times higher and origi-
nate at markedly lower magnetic �eld ∆H = 2.47 kA/m for rib-
bons compared to ingot samples (22.61 kA/m and 12.73 kA/m).
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a) b)

c)

DAM DIM R
Hc [kA/m] 0.806 0.573 1.030
Ms [Am2/kg] 145.00 141.07 160.69
Mr [Am2/kg] 2.020 2.020 2.020
∆M [Am2/kg] -1.38 -0.50 -4.66
∆H [kA/m] 12.73 22.61 2.47

Figure 5: Bulk magnetic properties represented by hysteresis
curves (a), virgin magnetization curves (b), and Henkel plots of
magnetic interactions (c) of Co2FeSi samples with table of main
magnetic values.
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Strong exchange coupling among the grains and large grain boun-
daries in ingots is reduced by long-distance dipole interactions
(DI) coming from the magnetic moments of large grains. On the
other hand, ribbon samples exhibit much stronger DI due to the
absence of large grain boundaries, although the size of grains is
smaller in comparison to ingots.

For the sake of completeness Fig. 6 shows bulk magnetic pro-
perties observed at Co2FeAl ingots and ribbons. In�uence of po-
lishing on the magnetic parameters of arc melted samples is also
included. Presented dependencies are similar to that of Co2FeSi
except lower values of saturation magnetization and coercive �eld
and higher values of ∆H of arc melted samples that are proba-
bly connected with lower thickness of the grain boundaries and
interactions among the grains.

Fe2MnSi Heusler alloy is paramagnetic at normal room con-
ditions, that is the reason why temperature dependence of mag-
netization and especially Curie temperature (TC) have been stu-
died. The study was done using the Curie-Weiss law: χ = C

T−Tc
,

and with series of hysteresis measurements with a di�erent tem-
peratures (see Fig. 7). Low temperatures were achieved by using
the liquid nitrogen in protective atmosphere of nitrogen gas and
high temperatures were applied in argon protective atmosphere.
It is well seen that Heusler alloy is ferromagnetic at temperatu-
res 133 K, 173 K, and 233 K, while temperatures 293 K, 373 K,
and 573 K correspond to paramagnetic phase of Fe2MnSi. Using
modi�ed formula of Curie-Weiss law: 1

χ = 1
C (T − Tc), and linear

regression dependence of magnetic susceptibility on temperature
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DAM DIM R
Hc [kA/m] 1.3 0.69 0.84
Ms [Am2/kg] 137.57 138.26 132.82
Mr [Am2/kg] 1.291 0.86 2.391
∆M [Am2/kg] -5.13 -0.98 -6.01
∆H [kA/m] 49.36 25.47 1.59

Figure 6: Bulk magnetic properties represented by hysteresis
curves (a), virgin magnetization curves (b), and Henkel plots of
magnetic interactions (c) of Co2FeAl samples with table of main
magnetic values.

(see Fig. 7d) the next values of Curie temperature were derived
from �ts: DAM TC = 215 K, DIM TC = 227K, and R TC = 272
K.

TC of ribbon of Fe2MnSi is markedly higher than TC of discs.
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a) b)

c)

d)

Figure 7: Hysteresis curves of DAM (a), DIM (b) and R (c)
samples measured at corresponding temperatures. Subplot d)
corresponds to the �ts of linear dependence of inverse suscep-
tibility ( 1χ ) on temperature for each sample.
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Figure 8: ZFC and FC curves of DIM and R samples cooled
down from RT to 2K at external magnetic �eld 79 kA/m and
without �eld.

This di�erence have been obtained as well with experimental
thermomagnetic measurements shown on Fig. 8. Certain values
of Tc were taken from graphs by drawing a line on a slope of
decreasing magnetization, and obtained Tc of DIM and DAM
samples are 219.55 K and 212.69 K correspondingly, while Tc of
R is 252.47 K. Need to note, that slope of M(T ) of R is mar-
kedly more �at and M(T ) approaches zero value almost at RT,
what signi�cantly complicate adequate and precise calculation
of Tc. Nevertheless, it is evident that phase transfer from para-
to ferromagnetism for R sample occurs much close to RT than
in the case of DIM and DAM con�rming results obtained from
Curie-Weiss law.
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3.3 Surface magnetic properties

Figure 9: Surface hysteresis loops of the Co2FeSi alloy of the
polished DAM (a) and DIM (b) samples, and as-prepared ribbon
sample (c) taken from the air side. Ribbon hysteresis curve de-
monstrate signi�cant magnetic softness contrary to disc samples
saturating at around 10 kA/m, while DAM and DIM samples
saturate at ≈ 150 kA/m and ≈ 300 kA/m, respectively.

Figure 10: Surface hysteresis loops of the Co2FeAl alloy of the
polished DAM (a) and DIM (b) samples, and as-prepared ribbon
sample (c) taken from the air side. Ribbon hysteresis curve de-
monstrate signi�cant magnetic softness contrary to disc samples
saturating at around 40 kA/m, while DAM and DIM samples
saturate at ≈ 100 kA/m and ≈ 200 kA/m, respectively.
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The MOKE surface hysteresis loops of Co2FeSi alloys are
shown in Fig. 9. Their shapes and magnetic parameters strongly
depend on properties of the surface area from which the MOKE
signal is detected. It is restricted by the laser spot diameter about
300 µm and the light penetration depth of tens of nanometers.
The hysteresis loops of ingot samples exhibit rather slow mag-
netization reversal and high anisotropy �eld. The Mr/Ms ratio
from various surface places slightly �uctuates in dependence on
the orientation of the easy magnetization axis of the grain. Chan-
ges of the loop inclination close to low magnetic �elds can re�ect
illumination of more grains and/or grain boundaries with di�e-
rent Co and Fe content in comparison to the grain-interior. The
similar MOKE loops have been presented also for the Fe82Al18
crystalline alloys [29].

MOKE hysteresis loop of the ribbon sample taken from the
air side is qualitatively di�erent showing the lower coercivity and
higher Mr/Ms. Nevertheless, it is in�uenced by the noise due to
a higher surface roughness. Similar MOKE response was detec-
ted also from the opposite wheel surface. The ribbon seems to
be magnetically softer, but the changes of the magnetocrystal-
line anisotropy in each grain are manifested again by the Mr/Ms

�uctuations. Slightly di�erent shapes of the hysteresis loops, na-
mely for DAM and R samples, are seen in Fig. 10 for Co2FeAl
alloy.

Surface magnetic domain structures of the ingot samples in
the remnant state taken by the MOKM and MFM are seen in
Figs. 11-14. Unfortunately, the high roughness of both surfa-
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a) b)

Figure 11: Surface magnetic domain structure obtained by
MOKM on the DAM (a) and DIM (b) Co2FeSi samples mea-
sured in sensitivity to longitudinal magnetic component.

a) b) c)

Figure 12: Surface morphology of DAM Co2FeSi sample by
AFM (a), and surface magnetic domain structure of DAM (b)
and DIM (c) Co2FeSi measured by MFM.

ces of the ribbon sample has excluded the domain observations.
Stripe-like shape domains appear close to the grain boundaries
correspond to the local defects occurred on the grains edges (see
Fig. 11). Closed inside of grains big single-domains clearly con-
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a) b)

Figure 13: Surface magnetic domain structure obtained by
MOKM on the DAM (a) and DIM (b) Co2FeAl samples me-
asured in sensitivity to longitudinal magnetic component.

a) b) c)

Figure 14: Surface morphology of DAM Co2FeAl sample by
AFM (a), and surface magnetic domain structure of DAM (b)
and DIM (c) Co2FeAl by MFM measured in sensitivity to polar
magnetic component.

�rm various directions of easy magnetization axis inside of each
grain (see Fig. 13). It was observed that big single-domains have
�ne �ngerprint structure (see Fig. 11) which correspond to the
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out-of-plane magnetization. Inside the large grain (Figs. 11b, c
and 13b, c) the �ngerprint domains better seen using the MFM
(Figs. 12b,c and 14b,c) yielding better resolution than MOKM.

These observations is conformation that Co2FeSi and Co2FeAl
alloys have main magnetization axis in the plane of the samples
with the certain contribution of the out-of-plane magnetization
showing out as a second reverzation in the surface hysteresis
curves and as a �ngerprint domains visible in the polar con-
�guration. Observed on the surface out-of-plane domains has
approximate wide around 2 µm. Similar domain patterns were
observed in the case of crystalline Fe82Al18 alloy [29].
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4 Conclusion

The objective of this research to prepare Heusler alloys using
nontraditional, for these alloy types, technology of preparation
was achieved. All three planed alloys (Co2FeSi, Co2FeAl, and
Fe2MnSi) were successfully prepared in form of ribbons using
planar �ow casting technology. Unfortunately, obtained ribbon
samples had high brittleness complicating manipulation with
them. Despite to their brittleness, all ribbons have been analy-
zed in order to compare their properties with samples prepared in
common way using arc and induction melting technologies. The
research has been focused onto magnetic properties of Heusler
alloy, while microstructe analyzes were used to con�rm Heusler
alloys preparation.

So, in the �nal conclusion, this research has demonstrated
that Heusler alloys in form of ribbons have more attractive and
expressive magnetic properties than analogous alloys prepared in
classical forms of ingots because of the more fain grain structure.
Individual results of study were published ( [25,30]) and presen-
ted on international conferences (CSMAG'16 Ko²ice, SMM'23
Sevilla, SWAP Katowice 2016). Not all results have been pre-
sented. There were also tries to prepare Heusler alloys in powder
form using planetary milling. These tries were unsuccessful cause
Heusler phase didn't form without annealing. Unfortunately, due
to the high TC of the Co2FeSi and Co2FeAl alloys and limitati-
ons of the available equipment it wasn't possible in present to
check if TC of the ribbons has shift as in the case of the Fe2MnSi.
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Nevertheless, next step of the investigations is Fe2MnAl Heusler
alloy where already was observed not only shift of the TC but
as well shift of the transition temperature from ferromagnetic to
partial antiferromagnetic state around 70 K.
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