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We synthesized bulk polycrystalline samples of Fe,MnGe using arc-melting and vacuum annealing. Our
experimental investigations revealed that Fe,MnGe crystallizes in a hexagonal DOqg phase at room
temperature, in analogy with its “parent” compound Fe3Ge. We find a large saturation magnetization,
even larger than that predicted for the tetragonal phase, of approximately 5 ug/f.u. at T= 5K, with a Curie
temperature of T.~505 K. The large moment and magnetocrystalline anisotropy, along with the possi-

bility of half-metallicity presents Fe,MnGe as a strong candidate for spin-transfer-torque RAM and other
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spintronic applications. We do not find evidence for the cubic or tetragonal phases predicted by first-
principles theory during these investigations. However, our neutron diffraction investigations were
suggestive of a low temperature structural transformation.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Half-metallic Heusler compounds have been the subject of
numerous studies for their versatile properties and particularly for
their potential applications in spintronics. These ternary interme-
tallic compounds were introduced by F. Heusler in 1903 with the
discovery of strong ferromagnetic properties of Cu;MnAl [1]. Half-
metallicity of these compounds was first suggested by de Groot
et al. [2], and Kiibler et al. [3] in 1983. At this point, a large number
of Heusler compounds have been predicted to be half-metals, and
many have been synthesized in bulk, thin film, and powder forms
[4,5]. Based on their structure and the number of constituent ele-
ments, these compounds are usually categorized into four main
groups: full-Heusler (X,YZ), half-Heusler (XYZ), inverse-Heusler
(Y2XZ), and quaternary-Heuslers (XX'YZ), where X(X’) and Y are
transition metals, and Z is a main group element [6]. All four groups
have very similar cubic crystal structures, and the distinctions be-
tween them blur considerably if one allows any degree of site
disorder or off-stoichiometric compositions (see, for example, the
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discussion in Ref. [6] on the relationship between full- and inverse-
Heusler structures).

Chemical ordering is also known theoretically to be a major
factor in preserving the half-metallicity in Heusler compounds
[4,7]. Half-metallicity can survive some degree of atomic disorder
in cubic Heusler structures [8], and recent studies have shown the
presence of half-metallicity in manganese-rich compounds with
tetragonal distortion, e.g. MnyYGa (Y=Ru, Rh, Pt) [9], MnaYZ (Y =
Co, Fe, Ni; and Z = Al, Ga, Sn) [10], and Mn3Ga [11]. Half-metallicity
has been also predicted to persist in some of these compounds in a
hexagonal DOyg (P63/mmc, space group no. 194 [12,13]) crystal
structure [14], which is one of the adopted structures of the
“parent” FesGe compound [15] and the structure assigned to ball-
milled Fe,MnGe by Zhang et al. [16,17]. The half Heusler FeMnGe
reported by Buschow et al. [18] also adopts a hexagonal NiyIn
crystal structure from the same space group. Given that the parent
Fe3Ge compound exists in both a cubic low temperature L1,
structure (Pm3m, space group 221 [12,13]) and a hexagonal high
temperature DOp9 structure, combined with the tendency of
Heusler alloys to adopt several different (but very similar) cubic
structures, structure determination is of paramount importance.
The anticipation of potentially large magnetocrystalline anisotropy
in hexagonal Fe;MnGe would be very attractive for spintronic ap-
plications, such as in current perpendicular to plane Giant
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Magnetoresistance (CPP-GMR) and spin-torque-transfer RAM (STT-
RAM).

Zhang et al. [16] synthesized Fe,MnGe by ball milling, and found
the DO;g structure to be stable above ~500°, with the cubic DO3
structure stable at lower temperatures (Fm3m, space group 225
[12,13]). A follow-up paper by Zhang et al. [17] found that the DO3
to DOqg transformation on heating of as-milled powders was irre-
versible - once the DO19 phase formed, it remained at room tem-
perature even without quenching. Given that ball milling is a non-
equilibrium process that can stabilize metastable phases [19,20],
our aim is to corroborate that the DOqg phase is stable at room
temperature and propose site assignments, and to further explore
the structure, morphology, and magnetic properties of Fe,MnGe. In
particular, we focus first on establishing the microstructure and
composition of our arc-melted and annealed samples, particularly
to rule out secondary phases or non-uniformities in composition,
which were lacking in previous studies.

At odds with the experimental reports [16,17] is a recent theo-
retical survey [21] via density functional theory (DFT), which sug-
gested that Fe,MnGe was thermodynamically stable in the
tetragonal DO»; structure (I4/mmm, space group 139 [12,13]), with
a ground state saturation magnetization of approximately
3.00 pg/f.u. a spin polarization of 97% at the Fermi level, and a
lattice parameter of a=0.569 nm with c/a=0.9839 [21]. The DO,
structure can be considered as a tetragonal distortion of the more
common L2; (Fm3m, space group no. 225 [12,13]) full Heusler
structure. To be fair, this study [21] was limited to cubic and
tetragonally-distorted structure, and did not consider whether
hexagonal DO1g Fe;MnGe might be more stable than the tetragonal
DO,, form. Nonetheless, Fe;MnGe may be a suitable candidate for
experimental investigations of half-metallic full-Heuslers, if the
tetragonal phase could be synthesized.

In order to experimentally investigate the Fe;MnGe system,
polycrystalline samples of Fe;MnGe were prepared by arc-melting
of the constituent elements in an argon atmosphere and remelting
several times to ensure thorough mixing. As-cast samples were
later heat treated at various annealing temperatures for different
soaking periods to improve their crystalline quality. The effect of
the cooling rate was tested by both slow oven-cooling and ice-
quenching of the samples. Microstructural studies using Scanning
Electron Microscopy (SEM) with Energy Dispersive Spectroscopy
(EDS) revealed a single phase granular microstructure for three
Feo,MnGe sample heat treated at high temperatures. X-ray diffrac-
tion (XRD), Transmission Electron Microscopy (TEM) and Electron
Backscatter Diffraction (EBSD) analyses of these samples revealed
the crystal structure of these sample to be hexagonal DO19. Mag-
netic characterization of these samples showed high saturation
magnetization of Mg ~ 5 ug/f.u. at T=5K with an estimated Curie
temperature of T.~505 K. Neutron diffraction investigations vali-
dated the high temperature onset of magnetic order and confirmed
the hexagonal DOqg structure near room temperature for the 600 °C
heat treated sample. The measurements also identified a possible
transition to a cubic or tetragonal phase at low temperatures
(~200—250K). However, we have not found any samples with a
single phase cubic structure throughout our experimental in-
vestigations; the hexagonal phase seems to be dominant in all the
prepared samples, consistent with Zhang et al. [16,17].

2. Experimental details
2.1. Synthesis and thermal treatments

Polycrystalline ingots of Fe,MnGe were prepared by repeated
arc-melting of the constituent pure elements in a Edmund Buehler

Mini MAM-1 [22] compact arc melting system under an ultra-high
purity Argon (99.999%) pressure of 0.02 Pa. Prior to the arc-melting,
elemental Mn chunks were wrapped in quartz wool, placed in
vacuum sealed quartz tubes, and heat treated at T=900 °C for 9 h.
This procedure is necessary to remove the surface oxide and to
avoid any contaminations and oxidization of the final compound.
The constituent elements Fe (99.98%, Alfa Aesar [22]), Mn (99.9%,
Alfa Aesar [22]), and Ge (99.9%, Alfa Aesar [22]) were mixed in
stoichiometric ratios 2:1:1 prior to melting. The mixture of the
elements was melted 7 to 10 times and turned over before each
melting cycle in order to obtain a homogenized sample. To avoid
Mn and Ge-deficiency in the as-cast samples, an additional 5%
elemental Mn and Ge were added to the mixture prior to the arc-
melting procedure, because of volatility of Mn during arc-melting
and the fine powder form of Ge used. We arrived at the targeted
stoichiometry by repeatedly checking the as-cast composition.

The as-cast samples were cut and examined by scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy (EDS)
analysis in a JEOL 7000 [22] Field Emission Scanning Electron Mi-
croscope (FESEM) for homogeneity and stoichiometry. After the
uniformity and expected 2:1:1 ratio of Fe:Mn:Ge stoichiometry of
the as-cast samples were confirmed, samples were wrapped in the
tantalum strips and placed in vacuum-sealed quartz tubes for
thermal treatments. Samples were annealed at a wide temperature
range from T, =400 °C to T, = 1100°C in steps of AT=100°C (or
sometimes less) for different periods of dwell time. Heat treat-
ments were always performed on the as-cast samples, and at the
end of the annealing cycle they were slowly-cooled in the furnace.
Occasionally, some of the samples were quenched in an ice-water
mixture to test the effect of cooling rate on the sample proper-
ties. Annealed samples were mounted in a conductive phenol
powder using a hot-mounting technique prior to metallography
analysis. For chemical etching of the samples Marble, Kalling no. 2
or Kroll etchants [22] were used depending on the sample reaction
to the etchant [23].

2.2. Characterization

The crystal structure of the samples was investigated in a Bruker
D8 Discover X-ray Diffraction [22] system, using a Co Ku«
(A=0.179nm) source. The uniformity of the crystal structure
throughout the samples was studied using electron-back scattered
scattering (EBSD) analysis in a JEOL 7000 [22] FESEM. To ensure the
absence of precipitates and secondary phases, and to confirm the
crystal structure at the microscopic scale, Selected Area Diffraction
(SAD) analysis was performed a FEI Tecnai F-20 Transmission
Electron Microscope [22]. The magnetic and electrical transport
characterizations were studied using Quantum Design Physical
Property Measurement System (PPMS) Dynacool [22] with both
vibrating sample magnetometry (VSM) and electrical transport
features. Neutron diffraction studies were performed on the BT-4
triple axis spectrometer at the NIST Center for Neutron Research.

3. Results
3.1. Microstructural analysis

Among all the samples prepared, we focus on three heat treat-
ments that yielded single-phase samples: the ones heat treated at
Tq =600 °C for 7 days (Sample A), T, =800 °C for 23 days (Sample
B), and T, =900 °C for 23 days (Sample C). All were slowly-cooled to
room temperature in the furnace, and all three treatments showed
a uniform granular microstructure, examples of which are shown in
Fig. 1. The EDS analysis of these samples revealed the composition
of the grains to be FeoMnGe within the ~5% instrumental
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Fig. 1. SEM images of the Fe,MnGe samples showing granular microstructures. Samples were heat treated at (a) T,=600°C for 7 days (Sample A) (b) T,=800°C for 23 days
(Sample B), and (c) T, =900 °C for 23 days (Sample C) and all slowly cooled to room temperature.

uncertainty range, consistent with the targeted 2:1:1 stoichiom-
etry. No precipitates or secondary phases were observed during
these analyses. The crystal structure of these three samples was
later confirmed to be the hexagonal DO1g structure from both XRD
and TEM analyses. All heat treatments in low temperature regimes
(T, <600°C) resulted in the multiple-phase samples, and purely
cubic L2 or tetragonal DO,; phases were never observed during
our investigations.

3.2. Crystal structure and atomic order analysis

The crystal structures of the annealed Fe,MnGe samples were
investigated by standard X-ray powder diffraction techniques using
a Bruker D8 Discover [22] with Co Ke radiation (4 =0.179 nm). X-
ray diffraction patterns for samples B and C are shown in Fig. 2.
While we have good reason to believe that Fe,MnGe will crystallize
in the hexagonal DOqg structure [16,17], in order to avoid a selection
bias we can first determine the crystal class from the XRD data
alone, following the procedure in Ref. [24]. From the observed XRD

peaks, the values of sin’d were tabulated. If the structure is in the
cubic system, then these values, when properly normalized, will
yield a set of integers. Omissions in the list of integers distinguish
the type of cubic lattice (sc, bcc, fcc). If there is no overall

normalization of the sin®f values that results in only integral
values, the system is not cubic. For the Fe,MnGe data of Fig. 2, we
can deduce that the structure is definitely not cubic. A similar but
slightly more involved procedure [24] can be used to test the XRD
data against hexagonal systems. We found that the data in Fig. 2
derive from a hexagonal crystal system, and after indexing the
peaks, one can deduce lattice parameters of a=0.522 nm and
c=0.424 nm. From our initial list of structures, this leaves only
DOqg as a possible crystal structure.

As a secondary check, all the postulated crystal structures of
Fe,MnGe, including full-Heusler 12; and its possible disordered
phases (e.g. DO3), the hexagonal DOqg (space group P6s/mmc, no.
194), the tetragonal DO, (space group I4/mmm no. 139), and the
cubic L1; (space group Pm3m no. 221), were simulated using an in-
house code, taking into account both the real and imaginary
dispersive corrections to the atomic scattering factors [25—27].
Details of the simulated crystal structures, including their pro-
totypes and Wyckoff positions are listed in Table 1. Again, only the
hexagonal DOqg structure provides a good match to the observed
data for the three samples with a purely single-phase microstruc-
ture (Samples A, B, and C).

Based on our (hkl) indexing of the peaks with the simulated
hexagonal crystal structure, and the resulting d spacings

L y o T
100 _(a) 900°C/23D
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1

(220) (310) (302)

— (311) 203)
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Fig. 2. XRD patterns of the Fe,MnGe samples heat treated at (a) T, = 900° C for 23 days

(Sample C), (b) T,=800° C for 23 days (Sample B), and (c) simulated powder XRD
pattern for the DOq9 Fe;MnGe.

5+ 10

x
(=)

100

determined by Bragg's law, the lattice parameters a and c¢ can be
determined from

1 4 2
d—zzw(h2+hk+k2)+c—2 (1)
Here d is the spacing between the lattice planes, found by Bragg's
equation. As with our initial analysis, we found a=0.522 nm and
c~0.424 nm. A more detailed analysis of the diffraction data for
sample C using Cohen's method [33] with a Nelson-Riley extrapo-
lation function [34] yields a = 0.5217+0.0003 nm and c = 0.4237+
0.0003 nm, which agrees with the results of Zhang et al. [16]
within our uncertainty.

ARietveld refinement was carried out for Samples B and C, using
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Table 1
Possible crystal structures of Fe,MnGe, with their space group, prototype, and Wyckoff positions.
Str. Space Group Prototype Wyckoff Positions Ref.
12, Fm3m CupMnAl 111, . 111 [28]
Cu @ 8c (Z,Z,Z), Mn @ 4a (0,0,0); Al @ 4b (2,5,5)
DOy P63/mmc TisAl ) 111, 123 [29]
' Ti @ 6h (6’5'71)' Al @ 2d (§’§'71)
D02 lafmmm AlsTi Ti @ 2a (0,0,0); Al @ 2b (o,o,%); Alo 4d (0%,%) (301
L1z Pm3m AuCus Au @ 1a (0,0,0); Cu @ 3¢ (o,%%) (311
DO;3 Fm3m BiF; ) . 111, 111 [32]
Bi @ 4a (0,0,0); F @ 4b (i'i'i)' F@8c (Z,Z,Z)

the Crystal Impact Match! [22] and the FullProf programs [35]
(Fig. 4). For the final converged fit to the experimental XRD data for
Sample B, we found a reduced-y2=6.6, and a reduced-y%=5.1 for
Sample C. These values for the goodness of fit parameters are
indicative of a highly reliable fit of the simulated DOg pattern to
the experimental XRD data. The refined atomic positions have Fe
and Mn sharing the 6h sites with 2/3 and 1/3 occupancy, respec-
tively (with the parameter [12,13] x = 1/6), and Ge on the 2c sites
(Table 2). This structure is shown in Fig. 3. With these site assign-
ments, we simulated the X-ray diffraction pattern with our in-
house code. The results are provided in Table 3, where we list the
scattering angle 26 for Co-Ka radiation, the reflection indices hkil,
relative intensity, and d spacing. For convenience, for the remainder
of the manuscript we use the reflection indices hkl.

Finally, even though the identification of the structure as DO1g
seems fairly certain, we can also investigate the relative XRD peak
intensities to clarify the site arrangement. Both through software
simulations [25] and by direct calculation of the structure factors,
we investigated the consequences of various site assignments. Due
to potential texturing in these polycrystalline samples one must
exercise caution in interpreting the intensities in too much detail,
and we will only consider the gross features of the XRD patterns.
Putting the Ge on the 2a or 2b sites results in the (110) peak having
the largest overall intensity, but experimentally it is below the
noise level of our measurement. Putting Ge on the 2d site would
result in the (101) peak having the largest intensity, while experi-
mentally it has extremely weak intensity. Similarly, putting Fe and
Mn on the 6g sites rather than the 6h sites would lead to the (100)
peak having the highest intensity; experimentally, it is below the
noise level.

One might also consider sites 2a, 2d, 2b, 2c for Mn, Fe, Fe, Ge to
make a more ordered structure. From our simulations, these as-
signments make the (110) peak the largest, while the experimental
data has this peak below the noise floor. Experimentally the (201)
peak is the largest and the (002) peak is roughly 25% as large, while
the ordered assignments result in both of them having negligible
intensity (~5% of the simulated (110) peak). The same holds for
other permutations occupying the 2a-d sites. While texturing and a
lack of Fe/Mn X-ray contrast prevents us from doing very detailed
quantitative analysis of the peak intensities, even the rough fea-
tures of the diffraction patterns are not consistent with Fe and Mn

Fig. 3. Crystal structure of DO19 Fe;MnGe with a=0.522 nm and c=0.424 nm. Fe and
Mn occupy the sites labeled “Fe”.

on any of the 2a-d sites. Only with Fe and Mn on the 6h sites do we
have even rough agreement with the diffraction intensities.

Between our simulations and the Rietveld refinement, we
conclude that Fe and Mn occupy 6h sites, and Ge the 2c sites in the
DO1g structure, summarized in Table 2. We note that this is pre-
cisely in agreement with the parent FesGe, which has Fe on the 6h
sites and Ge on the 2d sites [15]. Thus, Fe,MnGe can rightly be
viewed as a Mn-substituted Fe3Ge compound. Unfortunately, even
aside from the issue of texturing, given the relatively small differ-
ences in atomic scattering factors for Fe, Mn, and Ge for Co-Ku«
radiation, it is difficult to draw conclusions about ordering of the
sub-lattices, or which 6h sites are Fe and which are Mn (or if indeed
there is any ordering), based solely on our XRD measurements.
Lacking evidence to the contrary, we assume that Fe and Mn
randomly occupy the 6h sites with 2/3 and 1/3 occupancy,
respectively. We note that difference in the texture is likely another
underlying reason for the difference in relative intensities for
Sample B and Sample C.

After all the heat treatments performed on Fe,MnGe samples,
we did not find any sample with uniform cubic Heusler (L21) phase,
nor did we find a transition to a cubic L1, phase as observed in the
parent FesGe compound [15]. Low temperature heat treatments at
Tqa=400°C and T, =500°C for 7 days and longer resulted in the
samples with multiple-phase microstructures, based on both SEM
and XRD analyses. Longer heat treatments of 20 days at T, =400 °C
similarly yielded no cubic phase. A disordered full-Heusler phase

Table 2
Proposed Site Assignments for DO19 Fe,MnGe.
Wyckoff Position Coordinates Occ.
Fe 1 1 1 1 3 3 3 2
6hx =& (62x7) (= 2%, = x7) (%, = x;7) (= X, = 2x7) (2xx,7) (= xx,7) 3
Mn 1 1 1 1 3 3 3 1
6h, x = 3 (X,ZX,Z) (—2x,— x,Z) (x, — x,Z) (—x,— 2x,Z) (2x,x,Z) (- x,x,A—l) 3
Ge 2c 121,,213 1

(3'3’4

) (

3'3'4)
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Fig. 4. Rietveld refinement of XRD patterns for Fe,MnGe samples, which were heat
treated at (a) T, =900 °C for 23 days (Sample C) and (b) T, = 800 °C for 23 days (Sample
B), and both slowly cooled to room temperature.

(DO3) was previously reported for powder samples prepared by the
planetary ball milling method. According to Ref. [19] and [20], non-
equilibrium techniques, such as ball milling and melt-spinning, can
retain the meta-stable phases at room temperature. It is possible
that cubic and/or tetragonal Fe,MnGe phases may be metastable,
and hence we would not observe them in our samples prepared by
arc-melting and annealing, which will reveal only equilibrium
phases. Further studies, for example Differential Scanning Calo-
rimetry (DSC) and Differential Thermal Analysis (DTA), might be
helpful to investigate the possibility of a phase transition to the
cubic phase in the bulk form, but are beyond the scope of this work.
Nonetheless, the synthesis of purely hexagonal Fe,MnGe suggests
the possibility of hexagonal Heusler-like compounds in related
systems.

As a final check of the sample structure, EBSD analysis was
performed, and Fig. 5 shows the EBSD result for Sample C
(T, =900 °C for 23 days), where the red colored map of the sample
is indicative of the uniformity of the hexagonal DO19 phase with
lattice parameters a=0.522 nm and ¢ = 0.424 nm. An eight hour
EBSD scan of this sample with the step size of ~0.5 um resulted in
approximately 87% DOqg9 phase identification. The zero solution
regions (approximately 13%) of the scan seem to be from the sud-
den changes in the roughness of the sample, which can happen at
grain boundaries or from artifacts caused by the metallography and
chemical etching procedures, as shown in Fig. 5.

To ensure the uniform crystal structure of the grains at the

Table 3
Calculated X-ray diffraction peaks for Co-Ka radiation.
260 () hkil I(au.) d (A)
22.84 1070 1.56 4521
33.64 1071 3.94 3.093
40.11 1120 1.74 2,610
46.65 2020 252 2.260
49.94 0002 273 2.120
53.32 2021 100 1.995
55.59 1012 0.401 1919
63.18 2130 0.298 1.709
65.90 1122 1.09 1.646
68.77 2131 1.48 1.585
70.73 2022 135 1.546
72.87 3030 0.438 1.507
83.13 1013 0518 1.349
84.56 2132 0.336 1.330
86.60 2970 15.2 1.305
91.09 3120 0.153 1.254
93,55 3032 0.595 1228
96.21 3141 0.871 1.202
96.64 2023 18.6 1.198
104.73 4040 2.95 1.130
107.29 2242 23.7 1.111
110.08 4041 18.1 1.092
110.53 2133 0.825 1.089
112.06 3142 0.275 1.079
115.20 0004 427 1.060
119.30 2350 0.046 1.037

microstructure level and to test the sample for the presence of any
precipitates or secondary phases, the samples were prepared for
the Selected Area Diffraction Transmission Electron Microscope
(SAED TEM) analysis. As shown in Fig. 6(a), (b), the TEM specimen
included three grains of Sample C (T, =900 °C for 23 days) to test
the consistency of the crystal structure in different grains. The
sample was thinned down to <100nm for sufficient electron
transparency and mounted on an omniprobe grid for TEM analysis.
SAED TEM analysis was performed in a FEI Tecnai F-20 TEM [22]
using a 970 mm camera length. As shown in Fig. 6(c) and (d), the
single crystal diffraction patterns from Grain 1 and Grain 2 of this
sample were consistent with the hexagonal DO1g crystal structure,
with lattice parameters a =0.522 nm and ¢ = 0.424 nm. From the
TEM analysis, the sample seems to be purely single phase, and no
diffraction reflections related to secondary phases or precipitates
were observed. The satellite reflections around the main diffraction
spots are due to the superlattice formation and the long range
ordering in the crystal structure of the material [36]. We conclude
that the sample is a single phase material with composition
Fe,MnGe and a DOqg crystal structure, in agreement with the XRD
and EBSD analysis.

3.3. Magnetic characterization

Magnetic properties of all the heat treated Fe,MnGe samples
were measured using Quantum Design Dynacool [22] at cryogenic
and room temperature. As explained earlier, based on our initial
DFT calculations and the Slater-Pauling rule, half-metallic full-
Heusler (DOj) FexMnGe was expected to have a saturation
magnetization of approximately 3ug/f.u. in its ground state. How-
ever, the DO,y phase was never observed for this compound
throughout our investigations. We performed magnetic character-
ization on three single-phase DO19 samples, Samples A, B, and C
described above.

Field-dependent magnetization M(H) curves for Samples A, B,
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Fig. 5. EBSD analysis of the sample confirmed the DOy crystal structure and Fe,MnGe composition is uniform although the sample (right).
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Fig. 6. (a) TEM specimen of Fe;MnGe heat treated at T, =900 °C for 23 days (sample C) which consists of three grains (b) TEM specimen prepared by FIB, and (c) Selected area
diffraction TEM of Grain 1 for zone axis [111], and (d) of Grain 2 for zone axis [111]. The diffraction patterns are consistent with the hexagonal DO;g and is indexed with the
corresponding crystal structure. The insets of (b) show the bright field images taken from Grain 1 and Grain 2. The dark features on the bright field images represent dislocations.
The sample is single phase, no secondary phases were observed in the SAED patterns or the bright field images of both grains.

and C are presented in Fig. 7(a) at low temperature (T=5K) and
room temperature. Compared to the as-cast Fe,MnGe sample with
a saturation magnetization of M = s117 Am?/kg (=~4.24 ug/f.u.) at
T =5 K, the annealed samples (with a hexagonal structure) have a
saturation magnetization of M = s113.2 Am?/kg (=4.85 ug/f.u.) for
Sample B and C (heat treated at T, =800 °C and T, =900 °C for 23
days) and M = s117.4 Am?/kg (=5.02 ug/f.u.) for Sample A (heat
treated at T,=600°C for 7 days). The summary of the lattice

parameters and the saturation magnetization of the Fe,MnGe
samples with the hexagonal DOqg crystal structure are listed in
Table 4.

The saturation magnetization of the samples annealed at lower
temperatures, T, =400°C and T,=500°C for 7 days, were both
approximately M = s106.4 Am?/kg (=4.56 up/f.u.) at T=5K. We
note again, however, that these samples exhibited multiple phases,
unlike the single phase samples A, B, and C treated at higher
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perature dependent magnetization of Fe,MnGe samples during a heating cycle with
toHext = 2 T. The inset shows the high temperature M(T) of Sample A at woHexc= 10 mT.

Table 4
Lattice parameters a and c and the saturation magnetization (M;) of the Fe,MnGe
samples with hexagonal DO4g structure.

Sample a c Mg Ms

(nm) (nm) (up/fu.) (Am?[kg)
A 0.522(5) 0.426(7) 5.02 117.3(9)
B 0.522(5) 0.424(5) 4385 113.1(9)
C 0.523(1) 0.424(2) 4.85 113.2(6)

temperatures. Fig. 8 shows the results of magnetic characteriza-
tions of the samples as a function of their annealing conditions,
including temperature, dwell time, and the cooling methods (slow-
cooled or quenched in ice-water mixture). The coercivity and
remanent magnetization of single phase samples A, B, and C are very
similar: H. = 2kA/m and M, =~ 0.4 Am?/kg. Their saturation
magnetization values are highest among most of the heat treated
Fe,MnGe samples. As shown in Fig. 8, the saturation magnetization
of all samples are higher than expected for the DOy, structure
calculated by DFT (=3.00 ug/f.u.). Temperature-dependent analysis
of the samples were performed at ugHext = 2 T magnetic field dur-
ing both heating and cooling cycles, from T=5K to T=400K, and
vice versa. Fig. 7(b) shows the almost overlapping M(T) curves of
Samples A, B, and C. The Curie temperature of these samples was
estimated to be Tc~450K from fitting the M(T) data to the mean
field model for the temperature-dependent magnetization: M =
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Fig. 8. Magnetic properties of Fe,MnGe as a function of annealing conditions,
including (a) the saturation magnetization (at poHext=2T and T=5K) and (b) the
coercivity.

Mo (Tc — T)'/2. As shown in inset of Fig. 7(b), a higher temperature
measurement of Sample A at woHext=10mT shows the Curie
temperature to be ~ 505 K.

Determining the magnetic anisotropy in these polycrystalline
samples presents some difficulty. As an estimate, we have used the
singular point detection technique [37], where the peak in
d?M/dH? vs H identifies the anisotropy field Hy. This gives Hy =6 x
10° A/m for Sample C, and estimating K, from K, = ugHoMs/2, we
find Ky, ~3 x 105 J/m® at T=5K (with M;=9 x 10°A/m). The
experimental unit cell density of p=7958 kg/m> of Fe;MnGe in
DOqg is used for converting M, from Am?/kg to A/m. This value of
anisotropy constant is close to that of hcp cobalt [38], confirming
the high magnetic anisotropy of the hexagonal DO19 Fe;MnGe, as
predicted from the crystal structure analysis of the material. One
should keep in mind that considering the random orientations of
grains in the microstructure of the polycrystalline samples, only an
effective magnetocrystalline anisotropy can be found. Further,
given the irregular shape of our arc-melted samples, demagneti-
zation corrections have not been applied. A better understanding of
the magnetic anisotropy in this system requires employing
methods, such as transverse susceptibility, ferromagnetic reso-
nance (FMR), and magnetization torque measurements on the
prepared materials in thin film or single crystal forms.

3.4. Electrical characterization

Electrical transport characterizations were performed using the
four point probe and van der Pauw method on the samples of
approximately 5mm x 5mm x 3mm in size. The resistivity was
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measured during both heating and cooling cycles from T =5 K to
T =400 K. As shown in Fig. 9, the sample shows metallic behavior
with the residual resistivity ratio RRR = p(300 K)/p(5 K) of around
2.9 and a residual resistivity pg=0.96 uQm at T =5 K. The resistivity
appears to be saturating at higher temperatures, suggesting a
parallel contribution of the intrinsic Fe,MnGe resistivity with a
higher resistivity varying weakly with temperature [39]. From
Matthiessen's rule, we expect the intrinsic resistivity to follow:

p(T) = po + Pe_ph + Pe_m = Po + aT + BT? (2)

where pj is the residual resistivity, and the electron-phonon and
electron-magnon scattering processes follow Tand T2 temperature
dependencies, respectively. We further include a parallel shunting
resistivity pgp,ne due to the grain boundaries, and assume that the
resistivity of the presumably highly disordered grain boundaries
varies negligibly with temperature, leading to the following
expression for the resistivity:

11
peor(T) — pi(T)

Fig. 9 shows the result of a nonlinear least-squares fit to this
model, with py=(1.27+0.01) uQm , « = (4.82+0.26) x

(3)

Pshunt

10— pQm/K, f = (9.46+0.19) x 107> uQm/K?, and pgyn =

(3.69+0.01) uQm, with a reduced ¥2 = 2x 10~%. Here the +
indicate the uncertainties of the best-fit parameters. With these
parameters, the electron-magnon contribution will dominate
above approximately 50 K. One can also extract the intrinsic re-
sistivity p; from (Eq. (3)), pi = PshuntProt/ (Pshunt — Pror)- The extracted
p; versus T2 is shown in the inset to Fig. 9 along with a linear fit, also
indicating that electron-magnon scattering is the dominant
contribution to the resistivity temperature dependence at higher
temperatures.

3.5. Neutron diffraction

To examine the temperature dependence of the magnetic and
structural order, neutron diffraction measurements were taken at
the NIST Center for Neutron Research on the BT-4 triple axis
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Fig. 9. Temperature-dependent resistivity of Fe,MnGe sample A during the cooling
cycle and in the absence of magnetic fields. The solid line is a fit to the model described
in the text. The inset shows the intrinsic resistivity, p;, as a function of T2. The solid line
is a linear fit.

spectrometer using E =30.5 meV (A=0.1637 nm). Sample A
(heat treated at T, = 600 °C for 7 days) was fully characterized as a
function of temperature during two heating cycles, first from 50 K
to 350K and then from 50K to 540 K. Additional measurements
were subsequently taken upon cooling from 540K to 200K.
Consistent with the room temperature x-ray diffraction results, the
most prominent peaks evident at 200K during the first heating
cycle (Fig. 10) match those expected for the DOj9 hexagonal
structure. The 200 K pattern sharply contrasts with those obtained
at 50 K during both the first and second heating cycle (Fig. 10), in
which the intensities of the (002), (202) and (203) hexagonal re-
flections have significantly lower intensity. Systematic examination
of the intensity of (202) hexagonal peak as a function of tempera-
ture (with selective scans shown in Fig. 10 [left inset]) indicates that
the structural ordering progressively evolves during consecutive
heating and cooling cycles. Specifically, while the peak is most
intense at 200 K during the first heating cycle, it almost disappears
at 50 K during both the first and second cycles. The (202) intensity
increases again at 250K during the second cycle and remains
approximately constant upon heating up to 450 K.

Coincident with the apparent suppression of the hexagonal
peaks at 50 K, new peaks emerge, for example, near 26 = 79.5° and
49.7° (Fig. 10, marked with asterisk). This could be a sign of a low
temperature cubic or tetragonal phase, as is observed in Fe3Ge, or it
could simply be a distortion of the DO, structure. Unfortunately,
the exact characteristics of this mixed phase cannot be determined
since the diffraction pattern changes subtly upon thermal cycling,
as demonstrated by differences in the 50K diffraction patterns
shown in Fig. 10. The 50 K data obtained during the second heating
cycle, however, can be approximately indexed to a cubic structure
with the lattice parameter of a = 0.578 + 0.009 nm, which is close to
the calculated value for DOy, FeoMnGe [21]. However, due to the
lack of peaks in this low temperature secondary structure, we
cannot convincingly determine the nature of the secondary peaks
observed. It is possible that a new structural phase or distortion
could be further stabilized with additional thermal cycling as it
seemed to be prevalent in the final 200K diffraction scan (not
shown) obtained after cooling from 540 K.

In addition to these findings, we have also determined that the
peak near 26 = 30.8°, which indexes to the hexagonal (101), seems
to have a magnetic contribution, consistent with previous in-
vestigations of the parent compound FesGe, (Mn;_xFey)3Ge [40],
and similar compound FeMnGe [41]. Hori et al. showed that at
Mny g5Feg55Ge D09 (101) displayed a unique magnetic contribu-
tion in the antiferromagnetic regime, but did not investigate the
ferromagnetic regime. The intensity of this reflection decreased
continuously as the temperature was increased to 540 K during the
second heating cycle, and it increased upon cooling (Fig. 10 [right
inset]). This behavior is suggestive of a ferromagnetic order
parameter with a Tc¢ that approximates that obtained from bulk
magnetometry (Fig. 7(b)). It is possible, however, that this (101)
peak has a structural contribution that varies as the sample un-
dergoes the structural transition near 200 K - 250 K. Only the (101)
hexagonal peak exhibited a systematic dependence upon temper-
ature that is consistent with the magnetic ordering, and it is
possible that the ferromagnetism detected using magnetometry
(Fig. 7(b)) originates only from the structural hexagonal phase at all
temperatures.

4. Discussion
In contrast with recent theoretical predictions for the thermo-

dynamic stability of Fe,MnGe in the DO,; structure, the hexagonal
DO19 phase was found to be the stable structure of this compound
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structure. (inset, left) Neutron diffraction scans through the (202) hexagonal reflection at temperatures of 50 K, 250 K, and 450K, (inset, right) Temperature-dependent intensity

(101) peak during the second heating and the final cooling cycles.

from our experimental investigations, in agreement with Zhang
etal. [16,17] The hexagonal structure was observed as the dominant
phase at all thermal treatments as measured using room temper-
ature XRD. Throughout our experimental investigations of this
system, we never found a single phase tetragonal or cubic structure
related to the DOy3, DO3 or L2; phases. However, the neutron
diffraction results were suggestive of a structural transition at low
temperatures. L. Zhang et al. [ 16,17] have reported the presence of a
cubic DO3 (partially disordered full-Heusler phase) at low tem-
perature for the powder form of Fe,MnGe prepared by planetary
ball milling synthesis. Their results based on the Differential
Scanning Calorimetry (DSC) and the X-ray diffraction analysis
shows that Fe,MnGe undergoes a phase transition from a cubic DO3
at low temperatures to a hexagonal DOqg phase at high tempera-
tures (around a transformation temperature of 527 °C). Similar
behavior is observed for Fe3Ge [42], which goes through a phase
transition from a cubic L1, phase at low temperatures (<700 °C) to
a hexagonal DO1g phase at higher temperatures (>700 °C). A similar
phase transition was also observed for Mns34Ge from a low tem-
perature (<680 °C) tetragonal DOy, phase to a high temperature
(>680°C) hexagonal DOjg phase [43]. Despite the previously
observed phase transformation in powdered Fe,MnGe, no purely
cubic or tetragonal phase was observed for our bulk samples.
Therefore, the cubic phase might be a metastable phase, as sug-
gested by Ref. [17], which only shows up with techniques such as
ball milling or thin film growth where the metastable phases can be
stabilized. It is also possible that the substitution of Mn in place of
Fe stabilizes the hexagonal DO1g phase of the parent FesGe to much
lower temperatures, this would be an interesting theoretical
investigation in the future.

The high magnetic moment and potentially high magneto-
crystalline anisotropy of the hexagonal phase materials may make
Fe,MnGe useful for spintronic applications such as STT-RAM and
CPP-GMR. Half-metallicity can survive some degree of atomic

disorder and tetragonal distortion for the Mn-rich Heusler-like
compounds, and it is expected to persist in hexagonal crystal
structures. Further DFT calculations for the hexagonal DOg phase
are necessary to confirm whether Fe;MnGe can be expected to be
half metallic. Hexagonal half-Heusler compounds, such as LaCuSn,
ScCuSn, and YCuSn were previously suggested by Casper et al. [14].
Their crystal resembles a stuffed wurtzite structure with NiyIn as
the prototype. These compounds have pseudo band gaps around
the Fermi energy in one of their spin channels, which is the sign of
their half-metallicity. We suggest a similar study for Fe,MnGe and
other full Heusler compositions, with a view to understand the
stability of the hexagonal phase over cubic phases that appear to be
at least metastable.

5. Conclusions

To summarize, polycrystalline bulk form samples of Fe,MnGe
were synthesized by the arc-melting technique and annealed in
order to find the half-metallic Heusler phase of this compound.
During these investigations, we found the stable phase to be a
compound with a hexagonal DOqg crystal structure at room tem-
perature and high saturation magnetization of M = s5 ug/f.u. was
found. Strong ferromagnetic character along with high magneto-
crystalline anisotropy are the significant properties of this com-
pound. Further investigations of magnetic anisotropy in epitaxial
thin films are a logical next step, as is a determination of transport
spin polarization using, e.g., Point Contact Andreev Reflection
(PCAR) or spin-polarized tunneling. Additional work with neutron
diffraction to determine magnetic ordering and X-ray magnetic
circular dichroism to determine element-specific moments are
underway. Theoretically, the stability of the hexagonal phase in this
and related full Heusler composition compounds is worthy of
investigation.
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