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Spin semimetals are amongst the most recently discovered new class of spintronic materials, which
exhibit a band gap in one spin channel and semimetallic feature in the other, thus facilitating tunable
spin transport. Here, we report Mna2IrGa to be a candidate material for spin semimetal along with
giant coercivity and spin-valve characteristics using a combined experimental and theoretical study.
The alloy crystallizes in an inverse Heusler structure (without any martensitic transition) with a
para- to ferri-magnetic transition at Tc ~ 243 K. It shows a giant coercive field of about 8.5 kOe (at 2
K). The negative temperature coefficient, relatively low magnitude and weak temperture dependance
of electrical resistivity suggest the semimetallic character of the alloy. This is further supported
by our specific heat measurement. Magnetoresistance (MR) confirms an irreversible nature (with
its magnitude ~1%) along with a change of sign across the magnetic transition indicating the
potentiality of MnsIrGa in magnetic switching applications. In addition, asymmetric nature of
MR in the positive and negative field cycles is indicative of spin-valve characteristics. Our ab-initio
calculations confirm the inverse Heusler structure with ferrimagnetic ordering to be the lowest energy
state, with a saturation magnetization of 2 ug. < 100 > is found to be the easy magnetic axis with
considerable magneto-crystalline anisotropy energy. A large positive Berry flux at/around I" point

gives rise to an appreciable anomalous Hall conductivity (~-180 S/cm).

Introduction: In the last two decades, the search for
promising energy efficient multifunctional materials has
gained tremendous momentum. Of these, new classes of
magnetic materials such as spin gapless semiconductors,
bipolar magnetic semiconductors, fully compensated fer-
rimagnetic and spin semimetals play a crucial role in
taking the spintronic research to a different height.[1, 2]
Heusler alloys (HA) are one of the potential classes of ma-
terials, which host all of the above properties in different
materials. They have also gained lot of attention due to
their high magnetic ordering temperature (either T or
Ty ), flexibility of doping/alloying enabling a wide plat-
form for tunable band structure engineering. However,
many of these alloys suffer from anti-site disorder, which
often hinders their potential for application. HAs are
mostly composed of two or more 3d transition elements.
One of the ways to minimize the anti-site disorder is to
replace one of the 3d transition elements by a 4d or 5d
element. Some of the 4d based HAs reported for spin-
tronics applications are CoRhMnGe,[3] CoRuMnSi,[4]
FeoRhSi,[5] VNbRuAl[6] etc. There are only a few 5d
based HAs that are experimentally reported to crystal-
lize in cubic structure e.g. FeIrSi[7, 8], LiGaglIr[9] and
RuyTaAl[10] though there are several theoretical reports
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such as IraScGa[ll], IraYSi (Y=Sc,Ti,V, Mn, Fe, Co,
and Ni)[12], IraLuSb[13], IryScAl[14], TiZrIrZ (Z=Al,
Ga or In)[15], CoCrlIrSi[16], ZnCdIrMn[17], ZnyIrMn[18],
CoIrMnAl[19], RusTaGa[20], MnoYZ (Y=Ta, W, Os, Ir,
Pt, Au; Z=Ga,In).[21-23] Tetragonal phase of some of
these alloys, e.g. MnsYZ, acquire high magnetic order-
ing temperature and show large exchange bias, spin-orbit
coupling (SOC), anti-skyrmionic nature, giant magne-
tocaloric and large magnetoresistance (MR).[24-26]

Mn,IrGa is an interesting system which is reported
to stabilize in both cubic (F-43m, #219) and tetragonal
(I-4m2, #119) structures.[21] In the cubic phase, the cal-
culated equilibrium lattice constant is 5.97 A and the net
magnetization (m) is 2 ug/f.u. While, tetragonal phase
shows low m and large magneto-crystalline anisotropy,
thus promising for spin-transfer magnetization-switching
applications. First principles calculations by Hellal et
al.[22] reported ferromagnetic transition temperatures
(Te) of 368 K and 244 K for tetragonal and cubic phases
respectively. As such, although there exist some theoret-
ical studies on MnyIrGa, the experimental investigation
on the structural, magnetic and electrical transport of
this alloy is lacking. Specially, exploring its potential for
spintronics related applications is highly desired.

In this letter, we report the structural, magnetic
and electrical transport properties of polycrystalline
Mn,IrGa using a combined experimental and theoret-
ical study. MnsolrGa crystallizes in an inverse cubic
Heusler structure with no signature of martensitic tran-
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FIG. 1. Room temperature XRD pattern of Mn2IrGa along
with Rietveld refinement in Config. 1 whose structure is
shown in the inset.

sition throughout the temperature. Magnetic measure-
ments reveal ferrimagnetic nature with giant coercive
field (~8.5 kOe) below T, possibly due to strong SOC
induced by Ir. Zero-field-cooled (ZFC) and field-cooled
(FC) T-dependent magnetization(M) shows large bifur-
cation. Real part of AC-susceptibility (x/yo) exhibits a
sharp peak at/around 246 K and a broad peak at 25 K.
Interestingly, the position of sharp peak is independent
of frequency, indicating the long-range magnetic order-
ing, while the broad peak suggests the short range mag-
netic ordering at low T. Transport measurements reveal
a semimetallic nature of MnyIrGa. MR data indicates
giant hysteresis with asymmetric nature, indicating spin
valve behavior. Specific heat data yields a moderate den-
sity of states (DOS) at the Fermi level along with a kink
at ~243 K indicating a possible transition. Ab-initio sim-
ulation predicts a ferrimagnetic spin semimetal behavior
with a net moment of 2.0 ug. < 100 > is found to be the
easy magnetization axis with large magnetocrystalline
anisotropic energy. Simulated Berry curvature shows few
hot spots in the Brillouin zone yielding a reasonably high
anomalous Hall conductivity (-180 S/cm).

Methods: Polycrystalline MnyIlrGa was prepared by
arc-melting method with constituent elements of 4N pu-
rity. Further experimental details are given in Sec. A of
the supplementary material (SM)[27] (see also Refs. [28—
32] therein) First-principles calculations are performed
using full potential linearised augmented plane- wave
(FLAPW) method as implemented in FLEUR code.[33—
36] Other computational details are provided in Sec. B of
SM.[27] MnzIrGa belongs to a full Heusler alloy (X2YZ)
where Z is a main group element.[5, 37] There exists two
non-degenerate crystal configurations for this alloy, in-
verse Heusler structure (Config. I) and normal Heusler
structure (Config. II). In the former, the X atoms (here
Mn) occupy two distinct Wyckoff sites namely the tetra-
hedral (4c) and the octahedral (4b) sites, while in the
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FIG. 2. For Mn2IrGa, M vs. T at various applied fields (a)
100 QOe, (b) 1 kOe, (c) 5 kOe, (d) 10 kOe and (e) 50 kOe. (f)
Curie-Weiss fitting at 100 Oe.

later, X atoms occupy the tetrahedral and Y occupy the
octahedral sites.[5]

Results and Discussion:  Figure 1(a) shows the
room temperature X-ray diffraction (XRD) pattern of
MnyIrGa along with its Rietveld refined data. It crys-
tallizes in the fcc structure (space group F43m) with a
lattice parameter of 6.03 A. The best fit is achieved for
the inverse Heusler structure with Ga at 4a, Mn at 4b
(say Mnl) and 4c (say Mn2), and Ir at 4d site, as shown
in the inset of Fig. 1. Note that, it is only the minor
(222) peak which has not fitted well due to some texture
along this direction. To further confirm the structural de-
tails, a high resolution transmission electron microscopy
(HR-TEM) measurement is carried out (see Sec. C of
SM]27]). The estimated d-spacing agrees fairly well with
those obtained using XRD.

Figures 2(a)-(e) show the T-dependence of magnetiza-
tion (M) at five different magnetic fields (H). Clearly,
the field cooled cooling (FCC) and field cooled warm-
ing (FCW) curves coincide with each other, indicating
the absence of first-order magnetic phase transition. In-
terestingly, a bifurcation between ZFC and FCC/FCW
is noticed. A dimensionless quantity 0M = (Mpcw —
Mzrc)/Mzrc, quantifying the bifurcation is found to de-
crease with H and becomes zero at 50 kOe. Such bifurca-
tion may originate from ferrimagnetic and/or spin glass
behavior. Our theoretical simulations confirm the pres-
ence of ferrimagnetism and strong magneto-crystalline
anisotropy (MCA) in the system. The bifurcation of
ZFC and FCW can be explained with the help of MCA.
Theoretically, <100> crystal direction is found to be
the easy axis while <110> and <111> are intermedi-
ate and hard axis respectively. In the polycrystalline
sample, <100> axes directions are oriented randomly.
Hence, when the sample is cooled in the ZFC mode,
the moments freeze randomly along <100> directions.
This phenomenon resembles a spin glass nature. The
field applied for measuring the magnetization is not suf-
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FIG. 3. For MnIrGa, (a) M vs. H at 2, 150 and 250 K (b)
T-dependence of p, (c) T-dependence of magnetoresistance at
different fields (H) (d) Isothermal magnetoresistance (MR)
vs. field at 5, 150 and 250 K. (e,f) field dependance of sym-
metric and asymmetric parts of MR.

ficient to reorient the moments along the field direction
due to the anisotropy and hence leads to low magneti-
zation compared to that in FCC mode. As the sam-
ple is cooled in the FCC mode, the moments freeze
only along one of the preferred <100> directions which
leads to higher FCC magnetization. Figure 2(f) shows
the Curie-Weiss fit for susceptibility using the expression
X HT) = (T=0cw)/(xo(T—b0cw)+C). Here xo, C and
Ocw are the T-independent part of y, Curie constant and
Curie-Weiss temperature respectively. The effective mag-
netic moment can be estimated using pegr = 1/3Ckp/Na
where N4 and kg are the Avogadro’s number and Boltz-
mann constants respectively. Curie-Weiss fitting yields
Ocw ~ 260 K and pegr ~ 1.97 pp/f.u., which are in good
agreement with other reports.[21] The real and imagi-
nary part of susceptibility (x) indicating the magnetic
and spin-glass transition is presented in Sec. D of SM.[27]

Figure 3(a) shows the M-H curves measured at few
representative 7. A finite hysteresis along with a non-
saturating behavior of M indicate the ferrimagnetic na-
ture of the alloy. It shows a large coercive field (8.5 kOe)
at 2 K which decreases with T'. At 300 K, M eases lin-
early with H (not shown here) confirming the onset of
paramagnetic behavior. Figure 3(b) shows the electrical
resistivity (p) vs. T measured at few applied fields. It
shows the negative temperature coeflicient of resistivity,
indicating the possibility of semimetal behavior. p(T) un-
dergoes slope change at two different temperatures ~ 100
and ~ 240 K. This categorises three different tempera-
ture regions. The crossover temperature (~ 240 K) is
in accordance with the inferences made from suscepti-
bility and specific heat (C(T")) data (see Sec. D and G
of SM[27] and footnote[38]). The H-dependence of re-
sistivity at different 7" is shown in Fig. S4 of SM[27].
p(H) shows quite contrasting behavior in different H-
range with varying T-values (see footnote[39]).

Next, we estimated the T-dependance of magnetoresis-

tance using MR(T)= [p(T,H) — p(T,H = 0)]/p(T,H =
0), as shown in Fig. 3(c). MR(T) clearly shows two turn-
ing points in accordance with the two slope changes in
p(T). It has a positive magnitude below T while changes
sign above T¢. In region I (< 100 K), MR(T) increases
with increasing T and take a downbhill in region IT (100<
T <240 K). The field (H) dependance of MR, as shown
in Fig. 3(d) at different T', shows giant hysteresis simi-
lar to M-H curves, with a clear slope change at higher
H. The symmetric and asymmetric parts of MR can
be estimated as, MR"?¢(H) = [MR(H) + MR(—H)]/2,
where type=Sym (Asym) takes positive (negative) sign
on the right hand side. Note that due to the hysteri-
sis, MR acquires symmetric and asymmetric components
for both raising and lowering fields. Figures 3(e) and
3(f) display the symmetric and asymmetric component
of MR respectively. A more detailed MR data and its
symmetric and asymmetric components at numerous 7'
are shown in Fig. S4 of SM[27]. The symmetric part
of MR is negative for T>250 K. It is governed by the
s-d scattering interaction with an almost linear variation
with H. Below 250 K, although MRSY™ remains +ve,
it exhibits a crossover behavior with a sudden change in
slope at 100 K, reflecting a similar change in p vs. T
behavior. Such variation of MR due to Lorentz contribu-
tion could arise if the product of cyclotron frequency and
relaxation time is large. The MRA™ has a clear hys-
teresis in regions I and II (i.e. 0-100 K and 100-240 K),
whose magnitude decreases with increasing 7', similar to
that of M — H curves (Fig. 3(a)) while its hysteresis goes
away for T' > 240. In fact, the M R4Y™ curves resemble
very much with that of M — H data indicating the elec-
tronic states that are responsible for magnetization, and
contributing to its electrical transport.

Importantly, an asymmetric behavior of p on positive
and negative H-axis is clearly evident at all tempera-
tures below 300 K (see Fig. S4 of SM). For all T < Tg,
MnyIrGa shows a two step asymmetric MR with hys-
teresis similar to M vs. H curves. This type of behav-
ior generally arises in thin film heterostructures, where
two ferromagnetic layers are separated by a nonmagnetic
conducting layer [40], giving rise to the well-known spin-
valve characteristics. Similar type of asymmetry is also
reported in bulk MnyNiGa alloy.[31] Such behavior could
be due to the minor anti-site disorder between a Ga and
Mn atoms, which can be responsible for the formation
of ferromagnetic (FM) nanoclusters (with parallel Mn
spins) in a matrix of MnsIrGa bulk lattice having an-
tiparallel Mn spin moments. The direction of Mn mo-
ments in the soft FM cluster reverses its direction with
the application of field. This causes a rotation or tilt in
the antiparallel Mn moments at the cluster-lattice inter-
face, resulting in the observed asymmetry in MR.[31]

Ab-initio total energy calculations are performed for
two different crystal configurations I, IT (see Methods sec-
tion) considering different magnetic arrangements (ferro-
, antiferro- and ferri-magnetic). In case of Config. I, a
unique ferrimagnetic (FiM) ordering got stabilized while



TABLE I. For Mn2IrGa, theoretically optimized lattice pa-
rameters (aeq), total and atom projected moments and
the relative energies (AE) of different magnetic ordering
(ferrimagnetic(FiM), ferromagnetic(FM) and antiferromag-
netic(AFM)) in the two structural configurations (I and II).
Config. 1 with FiM ordering is set as the reference energy.

Moment (ug)

Config.  aeq (A) AFE(meV /atom)
4b  4c  4d Total
Mnl Mn2 Ir

I(FiM) 596 3.00 -1.41 0.22 2.00 0.0
Ir Mnl Mn2

II(FM) 6.12 0.69 3.30 3.30 7.74 170.7

II (AFM) 6.09 0.00 -3.08 3.08 0.00 186.3

for Config. 11, two different magnetic ordering (FM and
AFM) were realized with energy difference of 16 meV.
FiM is the lowest energy magnetic ordering with the net
moment of 2 pp/f.u. Table I shows the optimized lattice
parameters, total and atom projected moments and the
relative energies for different magnetic states in the two
configurations. The theoretically optimized lattice pa-
rameter for FiM is 5.97 Awhich matches fairly well with
the experimental value. The local moments at the octa-
hedral Mn (Mnl), tetrahedral Mn (Mn2) and Ir are 3.00,
-1.41 and 0.22 pp respectively for the FiM state. Figure
4 (lower panel) shows the spin polarized band structure
and density of states for the lowest energy FiM state (the
same for AFM and FM ordering is shown in Sec. H of
SM[27]). The spin down band shows a narrow band gap
while the spin up band has an indirect overlap between
valence and conduction bands. For spin up channel, the
valence band involves three hole mediated metallic states
while the conduction band contain two flat bands. The
flat bands generally gives rise to hole and electron pock-
ets near Fp. With increase in temperature, these pockets
help to create/hold more charge carriers thereby domi-
nating phonon contribution to electrical resistivity. Even
though the valence band contains hole mediated metal-
lic states, its contribution is restricted by several factors
such as (i) high effective mass, (ii) trapping or scatter-
ing due to disorder in the lattice etc. The three bands
crossing the Fp forming the hole pockets around the I’
point are labelled as ‘Band 1’, ‘Band 2’ and ‘Band 3’
whose Fermi surfaces are show in Fig. 4 (top). ‘Band 4’
gives rise to the electron pocket arising out of one of the
conduction band crossing the Fr, whose Fermi surface is
also shown in Fig. 4.

We further performed the calculations including the
effect of spin orbit coupling with different magnetiza-
tion vector orientations <100>, <010>, <001>, <110>,
<101>, <011> and <111>. <100> is found to be the
easy axis, while <110> and <111> are the intermedi-
ate and hard axes respectively. For cubic symmetry, the
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FIG. 4. (Bottom) Spin resolved band structure and density
of states of Mn2IrGa in its lowest energy Config. I (with FiM
ordering). (Top) Fermi surfaces due to spin up bands #1, 2,
3 and 4.

magnetic anisotropic energy can be expressed as[41]

Eyvap(0,0) = ko + ki (a?2 + 292 +7%0%) + kaa? 57
where «, 8 and ~ are the direction cosines of magneti-
zation axis with respect to the crystallographic axes. ki
and ko are estimated using the eqns, k; = 4(E<!10> —
E<100>), ]4}2 — 9(E<111> —I—3E<100> _4E<110>) with the
values 1.99 x 10° J/m3, 5.20 x 10° J/m? respectively.
Using these values of k1 and ks, Fyrap is simulated as a
function of § and ¢, as shown in Sec. H of SM.[27] This
clearly confirms the anisotropic nature of the intrinsic
magneto-crystalline energy. Such large anisotropy can be
responsible for narrow domain walls, which in turn causes
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FIG. 5. For Mn,IrGa, (a) wannierized band structure includ-
ing SOC, with z—component of spin moment shown by the
color profile. 1, 2, 3 and 4 indicate the band # crossing Er
whose Fermi surfaces are shown at the bottom. (b) Berry
curvature along the high symmetry k—paths. (c,d) 2D pro-
jected Berry curvature contours and Fermi lines (shown by

black lines) on bg = 0 and bs = 0.5(2%) planes.



hysteresis in the MR and magnetization isotherms.
Next, we simulated the band structure including SOC
considering the easy axis (<100>). Figure 5(a) shows
the Wannierized orbital projected band structure along
with the z—component of spin moment (s,). Spin down
character is clearly visible along I" to X with relatively
reduced band gap, while mixed spin character for bands
1 and 3 appear along several directions. Only band 2
retains its pure spin up character maintaining its Fermi
surface unchanged (see ‘Band 2’ Fermi surface in bottom
figure). A slight pinched Fermi surface is noticed for
bands 1, 3 and 4 due to the SOC mediated band splitting.
Figure 5(b) shows the intrinsic Berry curvature along the
high symmetry k-paths, with strong spikes at I'-point
where the band crossing near Er occur. Figure 5(c,d)
show the 2D projected Berry curvature contours on the
b3 = 0 and b3 = m/ae, planes. The black solid lines
highlight the Fermi lines. Along with the large negative
value, —{2, also has large positive values around the I
point (encircled like a toroid in Fig. S6 of SM[27]). As
such, the Berry flux at/around I" resembles the magnetic
flux in a bar magnet. The calculated intrinsic anomalous
Hall conductivity is found to be ~ —180 S/cm.
Summary: We report MnsIrGa to be a potential
candidate for the recently discovered ferrimagnetic spin

semimetal (SSM). In SSM, one spin channel shows
semimetallic behavior while the other has a narrow band
gap. Apart from spin semimetallic feature, MnyIrGa also
shows giant coercivity and spin-valve like characteristics.
It crystallizes in an inverse Heusler structure with fer-
rimagnetic (FiM) ordering and a net magnetization of
2 pp/fu., with no signature of martensitic transition.
Negative temperature coefficient of resistivity with a very
weak variation with temperature indicate the semimetal-
lic behavior of the alloy. Asymmetric nature of magneto-
resistance with hysteresis and a change in sign across
the transition temperature indicate its potential to be
used in magnetic switching applications. Ab-initio cal-
culations confirm the SSM behavior with a unique FiM
ordering. < 100 > is simulated to be the easy mag-
netic axis with considerable anisotropy energy, possibly
causing narrow domain walls responsible for appreciable
hysteresis in magnetization and MR. Our simulation con-
firms a large intrinsic Berry curvature mediating a rea-
sonably high anomalous Hall conductivity (~-180 S/cm).
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