Mixed structural FCC and BCC order in near stoichiometric Fe,MnGa alloys
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Magnetic and transport properties of near stoichiometric metastable Fe,Mn,Ga. alloys (46 < x <
52,17 <y < 25, 26 < z < 30) with face-centered cubic (FCC), body-centered cubic (BCC) and two-
phase (FCC+BCC) structures are investigated. The experimental results are analyzed in terms of
first-principle calculations of stoichiometric FeoMnGa alloy with the L21, L1, and the tetragonally
distorted L2; structural ordering. It is shown that the pure BCC and FCC phases demonstrate
distinct magnetic and transport properties. Two-phase FeaMnGa alloys show up in magnetic and
transport properties features typical for the mixed BCC and FCC phases. Among investigated alloys,
FessMna2sGaso demonstrates martensitic transformation accompanied with significant changes of its

magnetic and transport properties.

PACS numbers: 71.20.-b, 72.15.-v, 75.47.Np

INTRODUCTION

Significant interest to stoichiometric and off-
stoichiometric FeoMnGa Heusler alloys (HA) comes
from multiple effects discovered to date: a martensitic
transformation,[IH5] a metamagnetic transformation
from an antiferromagnetic (AFM) to a ferromagnetic
(FM) phase |6-9] and a large exchange bias. [6-8]

Unlike Ni-Mn-based HA, [10] the FeoMnGa alloys may
have a more complex magnetic behavior due to multi-
ple structures in which they may crystallize. For single
phase 7-FeaMnGa alloys (i.e., alloys with a face-centered
cubic - FCC - structure) a FM to AFM transformation
has been observed at 220 - 250 K. [6H9, [11] However,
as it has been found in FesoMnayGage, |9] even a small
deviation from the stoichiometric composition results in
a mixed body-centered cubic (BCC) and FCC structure
with their respective magnetic transformation from a FM
to a PM state at 190 K and an AFM to FM transfor-
mation at 240 K. In this way, the nearly stoichiometric
FeoMnGa alloys may crystallize either in the BCC or
FCC types of structure. Okumura et al. have shown
that a little change in melt-spinning processing parame-
ter results in formation Fe;MnGa alloys with the BCC or
FCC crystal structures from same precursor ingots.|12]
It has been experimentally shown by Yin et al. that
among Fe-based HA FesMnGa has minimal negative en-
thalpy of formation.|13] The stability of FCC or BCC
phases in FesMnGa alloys has been estimated in terms
of valence-electron-to-atom (e/a) ratio which dominates
a structural transformation by affecting an instability of
phonon mode. |14, [15]

On the other hand a distinct martensitic transforma-
tion has also been found in slightly off-stoichiometric
FeoMnGa alloys. Zhu et al. have observed marten-

sitic transformation in Fesq oMngs 5Gagr 5 alloy from a
parent austenite paramagnetic (PM) BCC phase (with
the lattice parameter a=0.5856 nm) to a martensite FM
body-centered tetragonal (BCT) structure (a=b=0.5328
nm and ¢=0.7113 nm).[1] Several publications have con-
tinued experimental studies of martensitic transforma-
tion in slightly off-stoichiometric FeaMnGa alloys hav-
ing a BCC parent austenite phase.[2-5] The martensite
phase has L1y (or D0g2) structure with the lattice pa-
rameters ¢=0.381 nm and ¢=0.353 nm|2] or a tetrago-
nal structure with ¢ = b = 0.537 nm, ¢=0.708 nm.[3]
It has been also shown that the martensitic transforma-
tion in the FesMnGa alloys is accompanied with signifi-
cant changes in their mechanical, magnetic and transport
properties. |1, 12, 5]

Consequently one may infer a conclusion that
FeoMnGa alloys show unusually rich metastable behav-
ior for a relatively small deviation from the stoichiometric
composition: they may exhibit a BCC structure (defined
as a disordered L2 structure), a FCC structure (i.e., dis-
ordered L1, structure) or they may exhibit a martensitic
transformation from a BCC parent phase to a tetragonal
structure defined as a tetragonally distorted BCC struc-
ture for a certain range of composition. In this paper, we
report results of magnetic and transport measurements
of the FeoMnGa alloys with distinct structural ordering
and a comprehensive analysis on how the various types of
structural order is affecting their magnetic and transport
properties.

EXPERIMENTAL DETAILS

Several bulk polycrystalline FesMnGa alloys near the
stoichiometry 2:1:1 were prepared by melting of the Fe,
Mn and Ga pieces of 99.99% purity together in an arc-



TABLE I. Composition of FeaMnGa alloys, amounts of FCC and BCC phases, valence electron concentration, resistivity of
alloys at T'=300 K and saturation magnetization measured at 7T'=4.2 K.

Sample Alloy FCC phase BCC phase Valence electron p(300 K) Saturation
No. composition amount amount concentration x107¢ magnetization
(at. %) (vol. %) (vol. %) (electron/atom) (Ohmxcm) (emu/g)
1 FeioMnas Gagg 100 0 6.45 290 120
2 FesoMn24Ga26 92 8 6.46 257 109
3 Fe50Mn23Ga27 71 29 6.42 152 46
4 FesoanzGazs 39 61 6.38 242 61
5 Fe46Mn24Ga30 19 81 6.27 550 78
6 Fes2Mni7Gaso 0 100 6.32 356 53

furnace with water-cooled Cu hearth under 1.3 bar Ar at-
mosphere. The Ar gas in the furnace before melting was
additionally purified by multiple remelting of TisgZrs5
alloy getter. To promote the volume homogeneity, the in-
gots were remelted 5 times. After ingot melting a weight
loss was negligible. Actual alloy compositions were eval-
uated by using energy dispersive x-ray spectroscopy (see
Table [I).

The structural characterization of the sample was car-
ried out at room temperature (RT) employing x-ray
diffraction (XRD) in #—20 geometry with Cu-K, radi-
ation (A=0.15406 nm). Differential scanning calorime-
ter (DSC) SC 404 F1 Pegasus was used to determine
phase transformation temperatures. Magnetic proper-
ties of bulk FesMnGa alloy samples were investigated
for 80 < T < 825 K temperature range by measuring
DC-magnetic susceptibility at a weak magnetic field of 5
Oe and by measuring alloy magnetization in a temper-
ature 2 < T < 400 K and magnetic field 0 < H < 50
kOe ranges by using PPMS-P7000 system. Transport
properties of FeaMnGa alloy samples were measured by
using four-probe technique for 80 < T < 600 K tem-
perature range. Samples for transport measurements of
about 1 x 1x 15 mm? in size were cut from ingot by using
spark-erosion technique.

Electronic structure calculations of the stoichiometric
FeoMnGa HA were employed to study its density of states
N(E) (DOS), total electron energy and magnetic prop-
erties for various types of its structural and magnetic
order: for the ordered L2;- (225 space group) and L1ls
(123 space group) types of structure (see Fig. [ as well
as for different types of magnetic order. Lattice parame-
ters of L2; and L1 structures obtained as the result of
volume optimization were used for calculations. Addi-
tionally, electronic structure of a tetragonally distorted
L2;-phase of FeoMnGa alloy was also calculated. The ex-
perimental lattice constants for tetragonal phase@] were
used for calculations. The details of first-principle calcu-
lations can be found elsewhere.ﬂﬁ]

RESULTS AND DISCUSSION

Electronic structure

Our previous results have shown that L2; crystalline
structure in FeosMnGa alloy is stable only for ferrimag-
netic (FI) type of magnetic ordering.ﬂE] We have found
no solution for the FM ordering in L2; structure. On
the other hand, for L15 crystalline structure of Feo;MnGa
alloy both FM as well as FI types of magnetic order have
been shown as equally probable.

The calculated DOS of stoichiometric FeaMnGa alloy
with a tetragonal, L.2;- and Lls types of atomic order
shown in Fig. [2] that symmetry significantly affects on
the electronic structures of alloy. Especially, strong dif-
ferences are observed near the Fermi level Er. It should
be also noted that spin-up and spin-down states for all
types of structure are strongly polarized, since the sep-
arate peaks of the up- and down-states coincide neither
by energy nor by intensity (see Fig. 2l). The main con-
tribution to DOS is brought by Fe and Mn atoms, which
states are strongly hybridized, as the most intense DOS
peaks are formed by Fe and Mn states coincided in energy
scale. The Ga contribution to the total DOS is small, i.e.,
the Ga atoms form basically ionic bond with surrounding
atoms.

Phase stability of Ni-, Co- and Fe-based HA has been
studied by Entel and Zayak.m, @} According to them

(@

FIG. 1. L2; (a) and L1y (b) structures of FesMnGa alloy.
The atoms are coded in the following colors: Fe-grey, Mn-
magenta, Ga-blue



TABLE II. Calculated total and partial magnetic moments per formula unit, DOS at Er and total electron energies of FeaMnGa
alloys with different types of atomic and magnetic orders. Calculated lattice constants are shown together with experimental

results.
Structure Magnetic ptor HFe HMn [HGa N(Er) Etot Geale Gexp
order up wpuB uB kB (states/eV*spin) (eV) nm nm

Tetragonal FM 6.355 2.231 2.101 -0.112 5.10 -11296.7456 a =b=0.5368, c=0.7081
Tetragonal FI 0.201 -1.620 3.070 0.020 2.43 -11296.7621 a =b=0.5368, c=0.7081

L2 FI 2.010 -0.450 2.870 0.000 1.65 -11296.7502 0.5700 0.5871

L1, FM  6.130 1.980 2.290 -0.090 3.84 -11296.7666 0.3644 0.3701

L1, FI 0.480 -1.760 2.950 0.002 3.56 -11296.7424 0.3666

unstable HA have intense N(FE) peak at Ep, which is
responsible for the nesting topology of the Fermi surface
and the covalent bonding features. This affects the op-
tical vibrational TA; modes of the Ni-based (unlike Co-
and Fe-based) systems.[14, [15] From this point of view
the stoichometric FesMnGa alloy with L2; structure and
FI magnetic order is stable.|14, [15]

Tetragonal

DOS (states/spin*eV)

FIG. 2. Density of states of stoichiometric FeoMnGa alloy
calculated for different types of structural and magnetic order.

Considering the obtained values of N(FEr) and Fi
for different types of atomic and magnetic orders in sto-
ichiometric FeoMnGa alloy (see Table [[I)) it is hard to
deduce its phase stability. Among calculated structures
the FI ordered L2; phase of Fe;MnGa alloy has the lowest
N(EF) but its Fyy is in the middle. The FM L1, phase
of FeoMnGa has the lowest Eyy but its N(EF) is nearly
twice as big as for FI .2y phase. For these possible types
of atomic and magnetic orders of stoichiometric perfectly
ordered FeoMnGa alloy AFEy,;=0.0164 eV (or 190 K). For
the tetragonal phase of FeaMnGa alloy the FI magnetic
order is more preferable than the FM.

As it is seen in Table [[Il the main contribution to
the total magnetic moment 4, for the cubic phases of
FeaMnGa is by moments localized on Mn. For tetrag-
onal phase magnetic moments localized on Fe and Mn
sites moments give nearly the same contribution to fis¢.
The moment localized on Ga is negligible.

Structure

FigureBshows XRD experimental patterns of our sam-
ples (open circles). The solid (red) lines through the cir-
cles are the results of a Ritveld refinement with the differ-
ences between the data and refinement shown in the bot-
tom panels for each sample. According to the XRD data
for FeaMnGa alloys, the three furthest samples 1 (2) and
6 have the disordered L1y (i.e. FCC) and disordered L2,
(i.e. BCC or A2) types of structures, respectively. The
fundamental diffraction peaks for these types of structure
are shown by two stick diagrams at the top and bottom
panels. In a closer examination of the refinements for
samples 1 and 2, it is hardly to see whether pure FCC
structure comprises sample 1 or 2. It seems that sample
1 has the less intensive peak (220) from the BCC phase.
However, the sample 2 has no (400) peak of L2; which is
seen for sample 1. Therefore, it is possible that the sam-
ple 2 is more homogeneous. Other samples contain both
FCC and BCC phases in different ratios (see Fig. Bl and
Table[l). The amount of FCC and BCC phases in alloys
have been evaluated by the ratios of the most intense
(111) [for the FCC phase] and (220) [for the BCC phase]
diffraction peaks. The samples in Table [l and in most



| (222) 7

Intensity (arb. units)

[

20 (degrees)

FIG. 3. Experimental (symbols) and simulated (lines) XRD
spectra of FeaMnGa alloys. Numbers indicate FeoMnGa al-
loys samples. Stick diagrams (green) show the main XRD
lines of the L2; and L1> structures.

of the figures were arranged by the content of FCC and
BCC phases in alloys with some uncertainty concerning
sample 1 and 2. It is characteristic that the XRD pat-
tern of sample 5 has significantly broader reflections than
that of the other samples. As will be discussed in Sec. E,
such XRD pattern may be related to a tetragonally dis-
torted BCC structure of a martensitic phase. Experi-
mental values of the lattice constants for FCC and BCC
phases in FesMnGa alloys are close to those found from
the first-principle calculations. (see Table [[). It is seen
that the close probabilities of formation of FI L2;- and
FM L1, phases result in a structural instability of the
FeoMnGa alloys: an insignificant deviation of alloy com-
position from the stoichiometric one results in a change
in its phase content. It may be assumed that an increase
in Ga content in alloys leads to increasing probability of
the BCC-phase formation (see Table [I).

Figure [ shows the DSC results of the FeoMnGa sam-

ples with the regions of interest (A, B, and C) depicted by
yellow areas. A large number of not well specified endo-
and exothermic transformations in the FesMnGa alloys
in a temperature range of 400 - 1100 K can be inter-
preted as an apparent sign of structural instability of the
FeoMnGa alloys. In the temperature region ” A” one exo-
and one endothermic peaks are related to the onset of the
FCC phase in agreement with Ref. 112. As it is shown by
the blue dashed lines through 1 and 2, the endothermic
peak definitely related to a FCC phase disappears. In
contrast, an endothermic peak at about 850 K intensifies
and serves as a sign of the onset of BCC phase. At lower
temperatures (region "B”) weak endothermic peaks at
700 - 800 K are related to a FM/PM transformation.
As it will be discussed in Fig. Bl the endothermic peaks
are the most pronounced for samples 1 and 2 and dis-
appear completely for samples 5 and 6. Eventually, at
the lowest temperature range 400 - 600 K (region ”C”)
there are some signs (see, discussion of Fig.[l) of a tran-
sition attributed to a AFM/FM transformation in the
FCC phase. As it is depicted by dashed red lines, the
samples 1 and 2 can be regarded as mostly constituted
by the FCC phase with a small admixture of BCC phase,
while the samples 5 and 6 - are mostly made up by the
BCC phase. We conclude that the DSC results are in
agreement with XRD data.

Magnetic properties

As it is shown in Fig.Blthe FCC and BCC phases in the
FesMnGa alloys have distinct magnetic properties, which
may be determined from temperature dependencies of
magnetic susceptibility x(7') on warning. While the BCC
phase (sample 6) is ferromagnetic below its Curie tem-
perature T¢ ~ 200 — 220 K, the FCC phase (samples 1
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FIG. 4. Differential thermal analysis of bulk FeaMnGa al-
loys. Numbers indicate the alloy samples.Yellow areas depict
regions of interest.



and 2) is ferromagnetic below T &~ 730 — 750 K but its
susceptibility decreases rapidly below T ~ 400 K. The
apparently mixed-phase FeoMnGa alloys (samples 3 and
4, for example) demonstrate x(7) being a combination of
temperature dependencies of susceptibilities of the pure
BCC and FCC phases. Similar results have already been
obtained Ref. [12, however with distinct T of 400 K for
the FCC phase. In contrast, x(7') of sample 5 reveals an
additional drop on warming at about 260 K.

At higher fields of 50 - 500 Oe the temperature de-
pendencies of magnetization shown in Fig. [l are more
complex. In particular, for the samples 4 and 6 a long
"tail” is seen at T > 250 K both on cooling and warming,
while the magnetization of sample 5 reveals a clear hys-
teretic behavior an cooling and warming. In contrast, for
FesMnGa alloy containing mainly the FCC phase (sam-
ples 1 and 2) the magnetization increases with tempera-
ture. The sample 3 contains ~ 30% of the BCC phase,
and its M (T') dependence exhibits the features typical
for a mixture of the BCC and FCC phases. It should
be emphasized here that M (T") for field cooling and field
warming plots for aforementioned samples do not show
any hysteretic behavior.
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FIG. 5. Temperature dependencies of DC magnetic suscepti-
bility of FeaMnGa alloys obtained on warming. x(7') curves
of FeoMnGa alloys are shifted. Numbers indicate the samples.
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FIG. 6. Temperature dependencies of normalized magneti-
zation of bulk FeaMnGa alloys taken at low (H = 50 + 500
Oe) magnetic fields. M (T)/Mmae plots for all the samples
(except sample 5) practically coincided for cooling and warm-
ing scans, only warming scans are presented. Numbers near
M(T)/Mmaz curves indicate alloy samples.

These unusual temperature dependencies of DC
magnetic susceptibility (Fig. B]) and magnetization of
FeaMnGa alloys containing the FCC-phase taken at rela-
tively weak measuring magnetic fields (Fig. [6) have been
observed a earlier and explained as resulted from a meta-
magnetic transformation from low-temperature AFM to
a high-temperature FM state.|619] At the same time,
Passamani et al. have explained the temperature de-
pendence of magnetization of the FCC FesMnGa alloys
by different temperature dependencies of magnetization
for antiparallel aligned magnetic moments localized on
Fe and Mn sublattices.|[11]

A hysteretic behavior of temperature dependence mag-
netization of sample 5 needs some explanation. In
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FIG. 7. DSC curves of bulk FeaMnGa alloy, sample 5. Ms
(As) and Mf (Af) are the start and finish temperatures of
martensite M (austenite A), respectively.
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FIG. 8. Temperature dependencies of normalized magnetiza-
tion of bulk FeaMnGa alloys taken at H = 50 kOe. Numbers
near M (T)/Mmas curves indicate alloy sample. M (T)/Mmax
plots for all the samples (except sample 5) practically coin-
cided for cooling and warming scans, therefore only warming
scans presented.

agreement with earlier observations, such an anomaly
in M(T) can be definitely ascribed to a martensitic
transformation. |1, 5] The martensitic transformation is
confirmed by independent differential calorimetric mea-
surements. As it is seen in Fig. [ DSC measurements
for the sample 5 demonstrate clear exothermic and en-
dothermic peaks on cooling and warming in agreement
with the hysteretic behavior of magnetization shown in
Fig. [0l for sample 5. Specifically, the temperatures of
martensite (austenite) start Ms (As) and finish Ms (Af)
temperatures determined using DSC (see Fig. [1) are in
a rough agreement with those, which can be evaluated
from magnetization measurements shown in Fig. [0] for
sample 5. In contrast, there is no sign of such hysteretic
behavior for the other FeaMnGa samples (not shown).

As can be seen in Fig. ] at still higher magnetic field
of 50 kOe there is a total disappearance of AFM (or FI)
order in the FCC phase. Hence, M (T) plot for sample
2 reveals a typical dependence of FM ordering with a
rather high Curie temperature of T¢=800 K according
to x(T') data shown in Fig. On the other hand, the
alloys containing mainly the BCC phase (samples 4 and
6) with the metamagnetic behavior show significant mag-
netization much above their Curie temperatures due to
suppression of spin fluctuations by a high magnetic field.
On the contrary, M (T') dependence for sample 5 taken at
H=50 kOe significantly differs and exhibit a hysteretic
behavior characteristic for a martensitic transformation.
It is further confirmed by a shift of 20 K for the forward
and reverse martensitic transformation temperatures due
to a magnetic field in comparison those determined by
DSC (see Fig.[M). In accordance with magnetization mea-
surements carried out at low magnetic fields (see Fig. [6)
the magnetization at H=50 kOe is of 20 emu/g at T" >
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FIG. 9. Resistivity vs. temperature of the FeaMnGa alloys.
Numbers on the panels indicate sample number. Inset in the
plot for sample 5 shows a hysteretic behavior of p(T) for an-
other sample with the same composition as sample 5.

300 K, i.e. much lower than M for the alloys containing
the BCC or FCC phases.

Transport properties

Table[lshows that the RT values of the resistivity p are
rather high, perhaps due to both a high resistivity of HA
[5] and additional defects caused by sample preparation.
Spark-erosion is known to cause significant distortions of
the sample surface to the depth of about 150 pm.[17]
Thus, a distorted portion of a specimen with cross sec-
tion 1x1 mm? occupies about 40 % of its volume. There-
fore, the values of resistivity FeoMnGa alloys treated with
caution. Nevertheless, in all the investigated FeoMnGa
alloys the high resistivity correlates with that found in
the literature.|, |5]

As it is shown in Fig. [@ the amounts of each phase
(FCC, BCC ) in FeaMnGa alloys significantly affect the
temperature behavior of the resistivity. Sample 1 con-
taining mostly the FCC phase shows typically metal-
lic behavior: p nearly linearly increases with tempera-



ture in a temperature range of 80 - 550 K. An increase
in the amount of BCC phase in FesMnGa alloys (sam-
ples 2 and 3) results in saturation of the resistivity at a
high temperature range. The visible upturn in the p(T)
for the sample 4 takes place at T ~ 400 K, where the
metallic-like behavior of resistivity with a positive tem-
perature coefficient of resistivity (TCR) gives the way to
the semiconductor-like one with a negative TCR. Tem-
perature dependence of resistivity for Feo;MnGa alloy
containing mainly the BCC phase (sample 6) exhibits
a clear "cusp” at which TCR changes its sign. This
temperature is close to its Curie temperature. A simi-
lar striking change in the character of electron transport
as the system undergoes the ferromagnetic to paramag-
netic transition has been found in FeoMnSi and Co,TiSn
HA .[18-20]

Unlike apparent similarity with other samples (e.g.,
samples 4 and 6) both in the structure and the phase
amount, the transport properties of the sample 5 are dif-
ferent. Thus, the resistivity value of the sample 5 exhibits
(on warming) a rapid and significant increase of about 30
% at T ~ 250 K where TCR changes its sign. Further-
more, only the Fey6MnoyGagg alloy (sample 5) significant
significant temperature hysteresis of resistivity on heat-
ing and cooling (see inset in Fig. 9). Comparing obtained
experimental p(T") dependence of FeaMnGa alloy (sample
5) with the literature results, the nature of the peculiar-
ity at T' =~ 250 K can be definitely ascribed to a reverse
martensitic transformation.[1, 3]

Discussion

Structural characterization of the FeaMnGa alloys (see
Fig. B) and the first-principle calculations (see Tab. [
suggest that a relatively small deviation from the sto-
ichiometric composition Fe;oMnosGags with the FCC
structure lead to the emergence of the BCC phase. The
BCC phase is ferromagnetic at 7' < 220 K. In contrast,
the FCC phase is ferromagnetic at high temperatures
(Te =~ 730 K) and at T' < 300 K becomes ferri- or anti-
ferromagnetic. However, this ferri-/anti-ferromagnetic
ordering is unstable and at high magnetic fields of 50
kOe it experiences metamagnetic transformation to a fer-
romagnetic ordering. Additionally, structural instability
of the FeoMnGa alloys results in a tetragonal distortion
of the BCC phase: it becomes energetically more stable
in some circumstance due to a martensitic transforma-
tion. The martensitic transformation in sample 5 is con-
firmed by the magnetic (Figs. [@ and [0), DSC (Fig. [1)
and partially with transport (Fig. [[0) measurements. A
more precise analysis of XRD data for sample 5 suggests
that occurrence of a tetragonal phase is possible even
though the austenite finish temperature Af is of 278 K,
i.e., slightly below RT.

A closer review of XRD spectra for samples 4, 5 and
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FIG. 10. Experimental XRD spectra of mainly BCC-phase
containing FeoMnGa alloys together with those for L1z, L2
and tetragonally distorted L2, lattices.

6 shows that the diffraction peak of sample 5 located
at 20=48.2° is slightly shifted to the small-angle re-
gion in comparison with the (200) reflection for the
FCC phase for the other samples. According to Zhu
et al. and Omori et al. martensite phase has no-
ticeably different lattice parameters (a=b=0.5328 nm,
¢=0.7113 nm for Fe50_0Mn22.5Ga27.5 alloy or a=b=0.5368
nm, ¢=0.7081 nm for FesuMnogGags alloy) from that
of the parent austenite BCC phase (a=0.5826 nm or
a=0.5864 nm).[1, 13] Modeling of the XRD spectrum for
tetragonal phase by using experimental data obtained
by Omori et al.|3] reveals that experimental diffraction
peaks located at 20=42.2 and 48.2° can be nicely fitted
with the (202) and (220) reflections in the model XRD
spectrum. The presence of the (004), (400), (224) and
(422) reflections related to tetragonal phase can be also
further confirmed by comparison of experimental XRD
spectrum with simulated one. Other intense peaks in
the experimental spectrum for sample 5 (i. e. peaks
at 20=43.8, 62.8 and 80.1°) are definitely formed by
the (220), (400) and (422) reflections of the BCC phase.
However, the (111) and (200) reflections from the FCC
phase may also contribute to the resulting intensity of re-
flections at 20=42.2 and 48.2°. Therefore, our analysis
of RT XRD pattern of sample 5 suggests that it contains
some traces of tetragonal phase in the BCC matrix.

Then the question now arises as to how the marten-
sitic transformation happens in Fe;MnGa alloys for the
valence electron concentration e/a below 6.4 (or 6.3 ac-
cording to our measurements). The complex dependence
of the presence of martensitic transformation on compo-
sition is often approximated by (e/a).[14] However the
universality of this approach is not clear. |14, [15] Never-



theless, it is worth noticing that among FesMnGa alloys
the martensitic transformation has been observed earlier
exclusively for alloys containing the BCC phase.|[1-3] Sto-
ichiometric FeaMnGa alloy has e/a=6.5 electrons/atom.
It is seen (see Tab. [[) that increase in the BCC phase
content in FesMnGa alloys is accompanied by a decrease
in e/a. The only FeoMnGa alloy with the martensitic
transformation has the lowest e/a=6.27. On the other
hand, the martensitic transformation for FeoMnGa has
been previously observed for 6.27 < e/a < 6.40.|145]

It is supposed that martensitic transformation in Ni-
based HA is due to a structural instability driven by their
peculiar electron band structure, specifically, due to the
formation of an intense N(E) peak at Fp.[14, [15] For
example, in NisMnGa with a BCC structure the Fermi
level Er lies in a valley of antibonding minority-spin 3d
states what leads to a structural instability.[14] This in-
stability can be lifted by transforming to a tetragonal
structure because of a gap formed in the minority-spin
states around Er. A closer look on the density of states
shown in Fig. A for FeaMnGa with the L2, (e/a=6.5) and
the tetragonal structure (FM or FI) reveals a similar be-
havior for majority-spin DOS. Assuming that e/a is now
of 6.22, the Fermi level would be of 0.3 eV lower than
that for e/a=6.5 and would lie in DOS peak - clearly
unstable state. Therefore, similarly to what is observed
in NioMnGa, the instability would be lifted by trans-
forming to a tetragonal structure with a pseudo-gap at
Er depicted by a dashed line in Fig. Pl Such a scenario
would explain why sample 5 with e/a=6.27 exhibits the
martensitic transformation.

Having in mind that our samples contain both BCC
and FCC phases and reveal metamagnetism at low tem-
peratures (for the FCC phase), it is shown in Fig. [I1]
that there is some correlation between e/a and the mag-
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FIG. 11. Magnetization (in pup per formula unit) vs. the va-
lence electron concentration e/a of the investigated FeaMnGa
alloys (black circles and numbers) and the results taken from
literature (grey circles with reference numbers. Red dashed
line is a guide to the eye.

netic moment per formula unit at RT. In Fig. [[1] the
black circles depict the experimental values of the mag-
netic moment. The grey circles depict values taken from
literature.[1,, 13, 15, I8, [11] Dashed red line is a guide to the
eye and shows for low values of e/a the magnetization
between 0 pp/ f.u. of the paramagnetic BCC phase and
2 up/ fa. for L2y (FI) structure. For the highest values
of e/a the magnetization is lower than 6 up/ fu. for
the FCC L1y phase. It is seen that the magnetization
seems to show a jump at e/a of 6.4 but other processing
parameters also play a role [12] so that the samples 4
and 6 do not exhibit any martensitic transformation and
have notably higher magnetization of 1.5 up/ fu. at RT.
The magnetic properties of sample 5 differ from those of
other investigated FeaMnGa alloys not only by signifi-
cant hysteresis on warming and cooling but also by the
lowest magnetization value of 0.5 up/ fu. at T > 300 K
obtained either at low or high magnetic fields (see Figs.
and {). In contrast, in the martensite phase the magne-
tization is of 3.8 up/ f.u. in agreement with the earlier
experiments.[2] Such a strange behavior, i.e., transfor-
mation from a nearly paramagnetic parent BCC phase
to a strongly ferromagnetic tetragonal martensite phase
is opposite to that of the most known Ni-Mn-based shape
memory alloys.|10, [21]] Therefore, in contrast to a fragile
magnetism of the BCC phase in FesMnGa alloys, mag-
netism of tetragonal phase is very stable in agreement
with first principle calculations (see Tab. [[I)).

It has been shown that a change in FCC to BCC
amounts in FesMnGa alloys causes the gradual changes
in p(T) dependencies from the metallic-like to the
semiconductor-like behavior (see Fig. [[0). The marten-
sitic transformation observed in sample 5 supplements
this tendency by a rapid increase in resistivity in a nar-
row temperature range (see Fig. [I). The resistivity de-
scribed within a simple relaxation time 7 approximation
in a nearly free electron model (see, for example Ref. [22)
reads as:

m* 3 1

— = 1
p e2rneg  e2tv? N(Ep)’ (1)

where m* and n.g are the effective mass and the effec-
tive density of conduction electrons per unit volume, re-
spectively; v and N(EF) are the velocity and the DOS
at the Fermi energy. According to results of the first-
principle calculations (see Tab.[Mland Fig. ), N(EF) for
the tetragonal phase is nearly 5 times higher than that
for the L2; phase. Thus, the experimentally observed
decrease in resistivity value upon transformation from
the austenite to martensite can be explained by a signif-
icant increase in N(FEp) value for the tetragonal phase.
N(Er) values for L1 phase with the FM or FI types of
magnetic order are more than 3 times larger than that
for the L2 phase. This fact also correlates with experi-
mentally observed p(T') dependencies of FeaMnGa alloys
which exhibit a martensitic transformation.



Several mechanisms of charge carrier scattering have
been suggested to explain temperature dependence of re-
sistivity of metals. Electron-phonon, electron-electron
and electron-magnon (spin-disorder) scattering give ma-
jor contributions to the resulting temperature depen-
dence of ferromagnetic metals with positive TCR. Thus,
for example, electron-phonon based scattering (~ T for
T > ©Op) can be described by the Bloch-Griineisen func-
tion and its modifications,[23] electron-electron scatter-
ing is proportional to ~ T2 ]|24] electron-magnon (spin-
disorder) scattering mechanisms are proportional to ~
T* where 3 < a < T%, respectively.[25] Electron-
magnon (spin-disorder) scattering usually reaches its
maximum near the Curie temperature, above T spin-
disorder mechanism is T-independent. Therefore, for
some ferromagnetic metals and alloys (including ferro-
magnetic HA[20]) a distinct slope change of the p(T) de-
pendence can be expected above T¢.|26-28]

Toffe-Regel criterion predicts the conditions when re-
sistivity is saturated with temperature: when mean free
path of electrons [ is of an interatomic distance d:

d
p' ™ =55 x — (uQcm), (2)
B

where d is the nearest interatomic distance, and
rp=0.0529 nm is the Bohr radius.|29] For the FCC and
BCC phases of FeoMnGa alloys d is of 0.262 and 0.254
nm, respectively. Thus, p'~® for Fe;MnGa alloys should
be of 272 + 264 pQlcm. Experimentally determined val-
ues of alloy resistivity are close to these parameters.
However, unlike the expected change of the slope in p(7T')
at Tc or even its saturation above T, for the high-
resistive FeoMnGa HA (samples 4, 6) a negative slope
of p(T') at high temperatures is also observed in Fig. O
A similar behavior of p(T") at T > T¢ has also been ob-
served for for the other HA.[18-20, 28] There are several
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FIG. 12. Change of the electrical conductivity vs. In(T) of a
FeaMnGa alloy containing mostly the BCC phase(sample 6)
for T > Tc. Red continuous line shows a fit according Eq. @
for a weak localization mechanism.

reasons for appearance of the negative TCR in metals.
Thus, a negative TCR of some transition metal alloys is
usually attributed to the strong atomic scattering leading
to a weak localization or variable-range-hopping. |30, 131]
Mooij has suggested an empirical rule for such alloys:
the TCR is negative if the resistivity of an alloy ex-
ceeds pailoy > 150 pQcem.|32] The temperature depen-
dence of resistivity for sample 6 with the BCC structure
shows nearly linear decrease with temperature above T¢
(Fig. @). The quantum-interference effects such as weak
localization and electron-electron interactions give rise
to a rather high value of p and a negative TCR in the
disordered systems.|30] Furthermore, the variable-range-
hopping conductivity|31] can also lead to the negative
TCR. In the variable-range-hopping mechanism proposed
by Mott, electrons preferentially hop to the localized
states which are close in energy but not necessarily close
spatially, and the conductivity is

1 T,
—— = 0(T) = oo exp[—(=)"], 3)
o(T) =)
where p = 1/4.]31] The weak localization mechanism

shows that the conductivity depends on temperature as:
Ao = a(2e?/7*h)InT, (4)

where coefficient « is negative.|[30)]

As it is shown in Fig.[[2] the temperature dependence
of conductivity of sample 6 containing mostly the BCC
phase with T of 240 K (i.e., In(240) = 5.48) changes in
accordance with the weak localization mechanism. How-
ever, it is worth noticing that the variable-range-hopping
mechanism also gives a reasonable approximation to the
experimental data (not shown).

Among the investigated FesMnGa alloys, sample 4 also
contains a significant amount of BCC phase (about 60%)
with the Curie temperature of 250 K. However no pe-
culiarity near T can be seen. This is, most probable,
due to bridging by a lower resistivity FCC phase. For
FeoMnGa alloys rich in the FCC phase (samples 1 - 3) the
metamagnetic transformation from AFM (or FI) to FM
takes place at T' &~ 300 <+ 350 K (on warming, see Fig.[3]).
However, there is no peculiarity in p(7') in this range of
temperatures. Thus, for these high-resistive FeoMnGa
alloys spin-disorder scattering gives a negligible contri-
bution in comparison with the other scattering mecha-
nisms.

Summary

The experimental results for Fe;MnGa alloys shown
in this paper supplement the previously obtained as re-
sulting from their metastable behavior. There are some
important points aiming at explanation of variety of the
magnetic and electronic transport properties of FeoMnGa
alloys.



1. The first-principle calculations for the stoichiomet-
ric FeaMnGa alloy with different types of atomic and
magnetic orders show that the L2; structures with the
ferrimagnetic ordering as well as L1y structure with the
ferromagnetic ordering are the most stable structures. In
contrast, the tetragonally distorted L.2; phase with any
type of magnetic order is the less probable for the stoi-
chiometric FesMnGa alloy.

2. Several single or two-phase off-stoichiometric
FeaMnGa alloys have been investigated with with 6.25 <
e/a < 6.5.

3. It has been shown that nearly pure BCC and FCC
phases of FesMnGa alloys demonstrate distinct magnetic
properties with the FM-PM and AFM-FM-PM transfor-
mations, respectively. FeoMnGa alloys with the mixed
BCC and FCC phases show the features typical for both
BCC and FCC phases.

4. The transport properties of FCC and BCC phases
containing FesMnGa alloys correlate with the result of
first-principle calculations of these phases. Negative
TCR of pure BCC phase containing FeoMnGa alloy can
be explained by a weak-localization mechanism.

5. We have found that FeysMnosGagg alloy with he
lowest value of valence electron concentration (e/a=6.27)
contains predominantly the BCC phase and demon-
strates a martensitic transformation with M;=168 K and
A,=225 K for H=0 as well as M,=193 K and A,=237 K
for H=50 kOe. The transformation is accompanied with
significant changes in its magnetic and transport proper-
ties. The martensite phase is in a FM state, while the
parent phase is in PM state.
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