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Bulk Mngy.,Fe; ,Ge (0.0 < x < 1.0) alloys have been synthesized by arc-melting followed by a low temperature
homogenization thermal annealing, whereas for comparison purposes the MnyFeGe alloy was also produced in
ribbon form by rapid solidification. A study of the structural and magnetic properties is presented. Contrary to
theoretical predictions, MnyFeGe crystallizes in a hexagonal DO;g crystal structure (space group P63/mmc) and
orders ferromagnetically with a saturation magnetization (Ms) value of ~1.7 pp/f.u. in the ground state. With the

substitution of Fe for Mn in bulk Mny 4Fe; . xGe, we observed an increase in the FM interactions with a maximum
Mg value of 5.1 pg/f.u. for x = 1.0, and a significant progressive increase in the Curie temperature (T¢) in a wide
range spanning ~200 K to over 400 K.

1. Introduction

Heusler alloys have the general composition X2YZ (i.e., 2:1:1), where
X and Y are 3d transition elements, and Z is a main group element.
Stoichiometric Heusler alloys with composition 2:1:1 commonly crys-
tallize in a highly-ordered cubic L2;-type (CupMnAl prototype) crystal

structure with the Fm3m (225) space group. In this case, X, Y, and Z

atoms occupy the following Wyckoff positions: X at the 8c site (%,%, %) ,

Y at the 4b site (% i %) , and Z at the 4a site (0,0,0) [1]. However, if the

valence of the Y element is higher than that of the element in the X sites,
the alloy crystallizes in an inverse Heusler Hg,CuTi-type crystal struc-
ture with the space group Fm-3 m No. (216) [2,3]. The inverse-Heusler
structure can be derived from the normal one by interchanging one of
the X atoms with a Y atom. In that case, the Z and Y elements occupy the

(0, 0, 0) and (%, %, }‘) Wyckoff positions, respectively, while the X ele-

ments occupy the (%,%, %) and (% 1 %) positions. Additionally, non-

* Corresponding authors.

cubic Heusler alloys, with hexagonal or tetragonal crystal structures
and high spin-polarizations, have also been recently reported [4-7].

Among all families of Heusler-type magnetic alloys, those based on
Mn have attracted special attention in the last 20 years due to the large
variety of physical phenomena and effects found in different alloy sys-
tems such as magnetic shape memory, magnetic superelasticity,
magnetoresistance, half-metallicity, metamagnetism, and magneto-
caloric, anomalous Hall, and exchange bias effects [8]. As the exact
physical mechanisms responsible for all the aforementioned physical
phenomena are not yet fully understood, experimental studies on known
and newly synthesized compounds are an essential source of
information.

Recent first-principles theoretical calculations carried out by Ma
et al. identified inverse Heusler MnyFeZ-type phases with Z = Al, Si, Ge,
Ga, In, Sn, and Sb [3]. Even though theoretical studies predict their
expected basic structural and magnetic properties, they must be exper-
imentally confirmed or refuted since discrepancies may often appear. A
recent example is that of the MnyFeAl compound; whereas theoretical
findings suggested an inverse L2;-type cubic structure, it adopts a
geometrically frustrated cubic f-Mn structure (space group P4;32) [9].
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In the case of MnyFeGe, which is the main focus of the present work,
theoretical calculations predict that it is a half-metallic ferrimagnetic
compound with the inverse Heusler-type cubic crystal structure [3,10].
Instead, it will be shown here that it crystallizes in the same hexagonal
DO;g crystal structure as does FeoMnGe [6,11]. Even though the un-
derstanding of spin-polarization and related properties, such as half-
metallicity, require a detailed investigation of the band structure,
there are other important characteristics that make hexagonal Heusler-
type alloys exciting for spintronics applications as they inherently show
volume perpendicular magnetic anisotropy (PMA) which is suitable for
spin-transfer torque magnetic random-access memory (STT-MRAM)
devices [4-7,10,12,13]. This contrasts with cubic Heusler alloys that, by
definition, do not exhibit volume PMA. We additionally prepared the
series Mny yFej ;xGe with 0.2 < x < 1.0 with the aim to study the trend of
saturation magnetization Mg and Curie temperature T¢ with the pro-
gressive replacement of Mn by Fe (i.e., going from the MnyFeGe to
Feo,MnGe).

2. Experimental details

Bulk alloys with nominal composition Mny_,Fe; ,Ge with x = 0.0,
0.2, 0.4, 0.6, 0.7, 0.8, and 1.0, were produced by arc-melting from high-
purity elements (>99.99 %) in an ultra-high purity (UHP) argon atmo-
sphere. To ensure good homogeneity, the samples were flipped and re-
melted four times and then thermally annealed under high vacuum
(~10°® Torr) at 923 K (650 °C) for 48 h. The annealed bulk MnsFeGe
ingot was cut into two halves using a low-speed diamond-wheel saw.
One piece was studied in bulk form, whereas the other was used to
fabricate melt-spun ribbons. The rapid solidification process was carried
out in an Edmund Biihler model SC melt spinner system under a UHP He
atmosphere at a linear speed of the rotating copper wheel of 10 ms™?.
The obtained melt-spun ribbon flakes were studied both in the as-
solidified (AS) state and after a thermal annealing (ANN) under the
same conditions as those of the bulk.

The phase constitutions and crystal structures at room temperature
were studied by powder X-ray diffraction (XRD) using a high-resolution
Rigaku Smartlab diffractometer (Cu-Ky; radiation). Rietveld refinement
of the XRD patterns for the AS and ANN MnyFeGe ribbon samples were
carried out using MATCH software which is based on FULLPROF soft-
ware [14]. The microstructures and the elemental composition of the
melt-spun ribbons were studied in an FEI Helios NanoLab 600 system;
the system is equipped with an energy dispersive spectroscopy (EDS)
system from EDAX.

Magnetization measurements on bulk samples were performed using
a SQUID magnetometer in the temperature range from 5 to 380 K
applying a maximum magnetic field uo,H = 5 T. The magnetic properties
of the ribbons were also studied in a 9 T Quantum Design PPMS®
Dynacool® system using the vibrating sample magnetometry (VSM)
option from 10 to 400 K in fields up to uo,H = 5 T. The magnetization as a
function of temperature was measured following zero-field-cooled (ZFC)
and field-cooled (FC) protocols with a temperature sweep rate of 1.0 K/
min. The temperature of the magnetic phase transition (T¢) was deter-
mined from the minimum of the dM/dT vs. T curves. The electrical re-
sistivity p for the bulk MnyFeGe alloy was measured using the four-probe
method in a SQUID magnetometer from 10 to 380 K at a temperature
sweep rate of 3.0 Kmin~! with and without the application of a static
magnetic field of 5 T. Measurements were done on a parallelepiped-
shaped specimen cut from the bulk sample.

3. Results and discussions

3.1. Bulk and melt-spun ribbon samples of stoichiometric MnyFeGe:
structural and magnetic characterization.

Fig. 1(a) through (e) show the SEM micrographs of the typical mi-
crostructures of polycrystalline as-solidified (AS) and annealed (ANN)
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Fig. 1. (a), (b), and (d) SEM micrographs show the characteristic microstruc-
ture of as-solidified (AS) ribbons at the cross-section, and the surfaces that do
not make contact (NCS) and make contact (CS) with the copper wheel during
solidification, respectively. The respective images for the annealed ribbons are
shown in (c¢) and (e). EDS spectra for the two distinct phases observed in AS and
ANN ribbons: as-quenched (f) and annealed (g) ribbons.

ribbons. Both samples showed a similar topography at the surfaces that
make contact (CS) and non-contact (NCS) with the wheel surface.
Samples are mainly composed of elongated crystals with hexagonal
cross-sections whose major lengths seems to be randomly oriented with
respect to both ribbon surfaces (reflecting a higher grain growth rate
along the hexagonal ¢ axis in comparison to the basal plane), plus small
white precipitated particles as a minor phase. The characteristic EDS
microanalysis spectra for the two common and distinct zones observed
in both samples are shown in Fig. 1(f) and (g). The presence of carbon in
the spectra comes from the conductive carbon tape used to attach the
samples to the aluminum sample holder. After a large number of EDS
analyses were carried out on both ribbon surfaces, it was found that the
matrix shows an elemental chemical composition (Mn: Fe: Ge) close to
2:1:1 with 53:26:21 at. % and 52:25:23 at. % for AS and ANN samples,
respectively. In contrast, the EDS spectra of the observed white particles
reveal that they are oxygen-rich. Their average elemental compositions
(O:Mn:Fe:Ge) were found to be 42:56:1:1 at. % and 59:36:3:2 at. % for in
the AS and ANN ribbons samples, respectively.

Dot EDS maps, presented in Fig. 2, provide further information about
element distribution. The pictures shown from Fig. 2(b) to (e) prove that
the white precipitates are composed of Mn and O, whereas the matrix is
comprised of Mn, Fe, and Ge. Considering that the ribbons were ob-
tained from a piece cut from the original bulk arc-melted ingot, the
determination of the elemental chemical composition by EDS led us to
conclude that the formation of oxide comes from the sample during the
casting process due to the high susceptibility of the manganese to
oxidize.
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Fig. 2. SEM micrograph (a), and dot EDS element mapping images of O (b), Mn
(c), Fe (d), and Ge (e) for as-solidified (AS) ribbon samples.

Fig. 3 compares the powder XRD patterns of the bulk and melt-spun
MnyFeGe samples. The major phase in the three patterns was success-
fully indexed based on a hexagonal DOg crystal structure with the P63/
mmc space group. However, the appearance of additional Bragg peaks in
the pattern for the bulk alloy reveals the presence of a secondary phase
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Fig. 3. X-ray powder diffraction patterns for (a) bulk, (b) as-solidified, and (c)
thermally annealed melt-spun Mn,FeGe ribbons. The peaks indicated by as-
terisks reveal the formation of oxides as a secondary phase. The XRD peak
indexing was based on the hexagonal DO;q crystal structure.
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with a total fraction of about 20 % (roughly estimated from the XRD
peak intensities), which correspond to those of Mn-oxides, which is
consistent with the dot EDS maps analysis. It should be noted that the
intensities of the diffraction peaks coming from the second phase are
reduced significantly in both AS and ANN samples, suggesting that a
proper choice of processing parameters using this technique may lead to
the production of a single-phase DO g crystal structure.

The Rietveld refinement of the XRD patterns for AS and thermally
annealed ribbons are shown in Fig. S1. Notice that the intensity of one of
the XRD peaks does not match with the corresponding simulated peak
for both samples, a fact that is attributed to the partial crystallographic
texture of the samples. The XRD fitting, performed on the basis of the
hexagonal DO1g crystal structure with space group P63/mmc, provided
the lattice parameters a = 5.2533 + 0.0002 A, ¢ = 4.2645 + 0.0003 A for
as-solidified ribbons, and a = 5.2536 + 0.0002 A, ¢ = 4.2670 + 0.0003 A
for thermally annealed ribbons. These values are consistent with those
determined for the bulk sample: a = 5.2528 = 0.0002 A, ¢ = 4.2626 +
0.0003 A. It must be highlighted that, contrary to the theoretical pre-
diction of a highly symmetric cubic structure [3,10], the XRD patterns
show that MnyFeGe adopts a low-symmetry hexagonal structure. Notice
that this is consistent with both the hexagonal cross-sections observed in
the grains (see Fig. 1) and the crystal symmetry reported for Mn3Ge
which can be considered as the parent compound [15]. Thus, further
theoretical investigations are needed in order to understand the origin of
the hexagonal phase stability experimentally found for the MnyFeGe
alloy.

The isothermal magnetization M(u,H) curves at 10 Kup topyocH=5T
for MnyFeGe bulk and AS ribbon samples are shown in Fig. 4(a). M(u,H)
curves show that polycrystalline MnyFeGe exhibits maximum magneti-
zation values of about 37 Amzkg’1 (~1.6 pp/f.u.) for bulk and 39
Amzkg_1 (~1.7 up/f.u.) for ribbons (i.e., almost equal values) at poH = 5
T. In Ref. [6], a larger magnetization value of Fe;MnGe Heusler alloys
(with the same hexagonal DO g structure) at T = 5 K have been reported
to be about 117 Am?kg™! (~5 pp/f.u.) at 5 T. Considering that the
maximum Mn-magnetic moment is 5 pp, the magnetization of the
MnyFeGe compound should be larger than that of Fe;MnGe assuming a
collinear ferromagnetic state. However, the observed My ~ 33 Am?kg !
(~1.4 pg/f.u.) is much smaller for MnyFeGe compound. Thus, consid-
ering the significant susceptibility in high magnetic field (yg = (M(poH)-
My)/ (poH)) exhibited by MnyFeGe (see in Fig. 4(a)) and the small
magnetic moment of Mn (of about 1pg/f.u.), one can conclude that this
compound is in a non-collinear ferromagnetic state.

In order to further confirm the magnetic structure in the ground
state, the effective magnetic moment (jef) in the paramagnetic (PM)
region was calculated from inverse susceptibility y*(T) data using the
relation (jiege/pg) 2 = (3 kg / N) Cy = 8 Cpyp, where Cy, is the molar Curie
constant [16]. A peg value of 5.16 pp/f.u. was found using this calcula-
tion. Using pegr = g [J(J 4 1)1/2up, the saturation magnetization value
was calculated using My = gJ pp [16], and g = 2. The calculated value of
M, was found to be 4.3 pg/f.u. for the MnyFeGe compounds. Thus,
magnetic moment of this compound should be 4.3 pg/f.u. at zero mag-
netic field and temperature. Comparing the two values of the magnetic
and effective moments obtained from M(p,H) and M(T) curves, 1.4 pp/f.
u. and 4.3 pp/f.u., respectively, one can conclude that MnyFeGe is in a
non-collinear ferromagnetic phase in the ground state.

Fig. 4(b) shows ZFC and FC M(T) curves measured under static
magnetic fields of 0.1 and 5 T for both bulk and AS and ANN melt-spun
ribbons. For the latter, the M(T) curves measured under a high magnetic
field of 5 T are also included to show that the saturation magnetization
and Curie temperature T¢ do not change appreciably with the thermal
treatment. The dM(T)/dT versus T curves at 0.1 T are shown in the inset.

A magnetic transition to a PM state was observed in both the bulk
system and the ribbons with Curie temperatures (T¢) of about 202 K and
190 K (ANN) —193 K (AS), respectively (estimated from the peak of the
respective dM/dT vs T curves). Notice that, in the temperature interval
of the magnetic transition, the low-field ZFC and FC M(T) curves
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Fig. 4. (a) Isothermal magnetization M(y,H) curves at 10 K up to 5 T for bulk
and AS Mn,FeGe ribbon samples. (b) ZFC and FC temperature dependence of
the magnetization M(T) for bulk and melt-spun ribbon samples. Arrows in the
graphs indicate whether the curve corresponds to a heating or cooling cycle.
Inset: dM/dT as a function of T curves.

overlap, indicating full reversibility. Its second-order nature was
confirmed by calculating the Arrott plots (i.e., M? as a function of yoH/
M) [17]. Fig. S2(a) and (b) show the magnetization isotherms measured
for bulk and ANN ribbon samples in the phase transition region. Taking
as a reference the thermally annealed ribbons, Fig. S2(c) shows the
computed Arrott plots. For a first-order transition, they should show an S
shape, whereas for second-order their slopes are always positive with a
concavity that changes from negative to positive when the magnetic
state changes from the FM to paramagnetic state [17]. Hence, Fig. S2(b)
confirms the second-order nature of the magnetic transition for the
MnyFeGe alloy.

From the magnetization isotherms shown in Fig. S2 we also obtained,
by the numerical integration of the Maxwell relation, the temperature
dependence of the magnetic entropy change ASy(T), across the ferro-
magnetic transition of this new Heusler system. The ASy(T) curves for
magnetic field change values y,AH of 1 and 2 T for the bulk and ANN
samples are shown in Fig. S3. |ASy|™® reaches moderate to low values
around Tg of 0.8 Jkg 'K ! and 0.9 Jkg 'K ! with y,AH = 2 T for bulk and
thermally annealed ribbons, respectively. The low |ASy|™®* values are
consistent with the broad magnetization decay and small magnetization
change in the phase transition region. The most significant parameters
that can be assessed from the ASy(T) curves are listed in Table S1.

The temperature dependencies of the electrical resistivity p(T)
measured for the bulk MnyFeGe alloy at zero magnetic field (on heating
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and cooling) and at 5 T (on heating) are shown in Fig. 5. A typical
metallic behavior (electron-electron scattering) was found at low tem-
perature up to 50 K [see the p(T) ~ T? fitting at the inset of the Fig. 5]. An
unusually large residual resistivity of p, = 559 pQ cm at T = 10 K and
uoH = 0 T was observed. The residual resistivity ratio (p300k-p10k)
calculated from the zero-field p(T) curve during heating, was found to be
about 1.3. At higher temperatures, p(T) was found to be linear with T. A
change in the slope of the p(T) curve was observed around 200 K which
matches well with the measured T value (i.e., 202 K) obtained from the
M(T) measurements (see Fig. 4(b)). At temperatures T < T, the re-
sistivity decreased rapidly due to magnetic ordering. According to
Matthiessen’s rule, the total resistivity in magnetic materials is given by
p(T) = po + pe—ph (T) + pe_mag (T) = po + AT + BT?, where p, is the
residual resistivity, pe_pn(T) is the resistivity due to electron-phonon
scattering (with a linear T dependence), pe_mag(T) is the resistivity due
to electron-magnon scattering (with a T2 dependence), and A and B are
constants. As the inset of Fig. 5 shows, at low temperatures the resistivity
follows a T2 law, indicating the dominance of magnetic scattering. On
the other hand, the linear dependence of resistivity at high temperatures
(i.e., T > T¢) indicates the dominance of electron—phonon scattering.

3.2. Trend of saturation magnetizations and magnetic transitions for bulk
Mny ,Fe; xGe alloys (0.0 < x < 1.0)

Fig. 6 shows the X-ray powder diffraction patterns recorded for the
bulk Mn,_ ,Fe;,Ge alloys with x = 0.2, 0.4, 0.6, and 1.0. The peak po-
sitions for all samples are consistent with the hexagonal DO;g crystal
structure. However, refinement analysis could not be performed due to
the dominant (002) texture observed in all the samples. According to
our simulations, the (201) peak should be roughly four times as strong
as the (002) and (200) peak, which is not the case in any sample. Such
observations are similar to recent literature reports [6] and could be the
result of the growth and annealing conditions. Analyzing the (200) and
(002) peak positions of the x = 1.0 sample (Fe;MnGe) provided a =
5.21 A and ¢ = 4.24 A using the formula } = %, <h2 +k2 +hk> + 5
These values are very close to the results reported in Keshavarz et al. [6].

A recent theoretical study by Meng et al. on the magnetic properties
of hexagonal DO;9 FesMnGe (which is the endmember (x = 1.0) of the
Mny..Fe; ,Ge series) showed that the compound is ferromagnetic with a
large Ms due to the large and parallel-coupled magnetic moments of Fe
and Mn [11]. Isothermal magnetization M(u,H) curves measured at T =
10 K up to a magnetic field of 5 T for samples with 0.0 < x < 1.0 are
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Fig. 5. Temperature dependence of the electrical resistivity for bulk Mn,FeGe
at poH = 0 T (on heating and cooling) and at 5 T (on heating). The inset shows
that the resistivity follows a T> law at low temperature. The solid line in the
inset is a guide for the eyes.
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Fig. 6. X-ray powder diffraction patterns for bulk Mn,_,Fe; ,,Ge alloys with 0.2
< x < 1.0. The peak indexing was based on the hexagonal DO;¢ crys-
tal structure.

shown in Fig. 7(a). All compounds were found to exhibit ferromagnetic
type of M(H) curves. As shown in the inset of Fig. 7(b), the saturation
magnetization progressively increased from a small Fe concentration (x
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Fig. 7. Bulk Mny,Fe; ,Ge alloys with 0.0 < x < 1.0: (a) M(u,H) curves
measured at T = 10 K up to 5 T. (b) M(T) curves measured under a field of 10
mT following ZFC and FC cycles (denoted by solid and open symbols, respec-
tively). Inset in (b): Ms and T¢ with as a function of the Fe content (x) and the
valence electron concentration (e/a). The lines are guides for the eyes.
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= 0.2), whereas for higher Fe concentrations (i.e., around x = 0.6 and
over) a saturation trend in Mg was observed. Large Mg values were ob-
tained in the Mny_ ,Fe; ,,Ge alloys with a maximum of 5.1 pg/f.u. for x =
1.0, which is in good agreement with values reported in Refs. [6,11].
The results demonstrate the enhancement of ferromagnetism in the
Mny..Fe; ,Ge series when Fe gradually replaces Mn.

It should be noted here that the maximum magnetic moment of the
Mn- subsystem of about 5 pg/Mn (or 10 pg/f.u.) is much larger than that
obtained from magnetization curves at 10 K. That the 3d magnetic
subsystem of stoichiometric MnyFeGe demonstrates such a small value
indicates that it is likely in a weak magnetic state. Therefore, neutron
diffraction measurements should be done to determine the specific
magnetic structure of the compounds.

The temperature dependence of the magnetization M(T) for bulk
Mny.Fe; ,Ge (0.0 < x < 1.0) alloys measured under a magnetic field of
10 mT is shown in Fig. 7(b). A second-order magnetic transition (SOT)
from a FM to PM state with a sharp drop in magnetization was observed
at T for the series. An additional transition at T; = 238 K was observed
for the alloy with x = 0.4, probably indicating the occurrence of a spin
reorientation transition. A shift in T¢ to higher temperatures (from 200 K
to above 400 K) was observed, suggesting an increase in FM interactions
with Fe substitution. The variation of T¢ with the Fe content and valence
electron concentration (e/a) is shown in the inset of Fig. 7(b). Notice
that T¢ increased linearly with the increase of both Fe concentration and
e/a ratio.

The temperature dependences of /\Sy for Mny.,Fe; ,Ge alloys with
x = 0.2 and 0.4, and for values of u,AH of 1 and 2 T, are given in Fig. S4.
They were also determined from sets of M(uo,H) curves measured in the
magnetic transition region of both alloys (not shown). | ASum|™* reaches
values of 1.2 Jkg 'K ! and 1.5 Jkg 'K ! at pyoAH = 2 T for x = 0.2 and x
= 0.4, respectively. A significant increase in the |ASy|™ values at
HoAH = 2 T from 0.8 Jkg'K ™! (for the parent MnyFeGe) to 1.5 Jkg 'K !
was observed in the Fe doped alloys.

4. Conclusion

In summary, the structural and magnetic properties of bulk and melt-
spun ribbons of the stoichiometric MnyFeGe Heusler alloy were studied;
in addition, the trend of the magnetic phase transitions and saturation
magnetizations of bulk Mny_,Fe; ,Ge (0.0 < x < 1.0) alloys was inves-
tigated. Experimental results show that: (i) all samples crystallized in a
hexagonal DO g crystal structure with the space group P63/mmc; (ii) the
magnetic behavior of the Mn-rich compounds may be described by a
non-collinear ferromagnetic structure or/and a weak ferromagnetic
state of the 3d-subsystem, resulting in a saturation magnetization of
~1.4 pp/f.u. in the ground state; and (iii) that the dominant mechanisms
of the resistivity are electron—phonon and magnetic scattering below
and above T¢ = 50 K, respectively.
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