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Recent findings of large anomalous Hall signal in nonferromagnetic and nonferrimagnetic materials suggest
that the magnetization of the system is not a critical component for the realization of the anomalous Hall effect
(AHE). Here, we present a combined theoretical and experimental study demonstrating the evolution of different
mechanisms of AHE in a cubic Heusler system MnPt;_,Ir,Sn. With the help of magnetization and neutron
diffraction studies, we show that the substitution of nonmagnetic Ir in place of Pt significantly reduces the net
magnetic moment from 4.17 up/f.u. in MnPtSn to 2.78 g /f.u. for MnPt( sIrg sSn. In contrast, the anomalous
Hall resistivity is enhanced by nearly three times from 1.6 u€2 cm in MnPtSn to about 5 u€2 cm for MnPt 5Irg 5Sn.
The power law analysis of the Hall resistivity data suggests that the extrinsic contribution of AHE that dominates
in the case of the parent MnPtSn almost vanishes for MnPt, 5Irg 5sSn, where the intrinsic mechanism plays the
major role. The experimental results are well supported by our theoretical study, which shows a considerable
enhancement of the spin-orbit coupling when Ir is introduced into the system. Our finding of a crossover of the
anomalous Hall effect with chemical engineering is a major contribution toward the recent interest in controlling

the band topology of topological materials, both in bulk and thin-film forms.
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I. INTRODUCTION

In general, the anomalous Hall effect (AHE) in ferro-
magnetic (FM)/ferrimagnetic (FiM) materials scales with the
magnetization of the samples. However, the recent observa-
tion of extremely large anomalous Hall conductivity in some
of the moderate magnetization based FM materials [1-3]
and nonmagnetic materials [4,5] suggests that the spin-orbit
coupling driven band topology is one of the primary mi-
croscopic mechanisms that governs the AHE. In the case
of FM materials, the total Hall resistivity can be expressed
as puy = Py, + pfy = RyH, + R;M,, where Ry and Ry are
the ordinary and anomalous Hall coefficients, respectively.
It is well established that mainly two different microscopic
mechanisms, such as a scattering-dependent extrinsic contri-
bution and scattering-independent intrinsic process, dictate
the AHE in FM materials [6]. The extrinsic mechanism of
AHE involves two types of scattering processes, the skew
scattering [7] and the side jump [8]. Both of them are related
to the scattering of charge carriers by the impurity sites and
are the consequences of spin-orbit interaction. In contrast,
the scattering-independent intrinsic mechanism proposed by
Karplus and Luttinger arises due to the anomalous velocity of
the charge carriers caused by the electronic band structure in
the presence of spin-orbit coupling (SOC) [9]. Furthermore,
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the inclusion of the Berry phase to understand the intrinsic
mechanism of AHE throws a deep insight regarding the band
topology of the system [10-12].

In real systems, different microscopic mechanisms of AHE
have been understood in terms of a power law relation
between anomalous Hall resistivity (pZ) and longitudinal
resistivity (py,). For the intrinsic contribution, p;‘y scales
quadratically with the longitudinal resistivity p.,, i.e., p;‘y 66
P3, [13,14]. In the case of extrinsic skew scattering, the p,
linearly scales with py, i.e., pfy X pyx, While for the side
jump the relation is quadratic in nature, i.e., p,‘?y X OF-
These relations can be further generalized to a scaling law
pjc‘y o< pg. to identify the dominant mechanism of AHE [15],
where o =2 and 1 correspond to intrinsic/side jump and
extrinsic skew scattering contributions, respectively [16—18].
Since the intrinsic and side jump mechanisms exhibit a simi-
lar relationship with the longitudinal resistivity, it is difficult
to differentiate them experimentally. Recently, Tian et al.
[19] introduced a new scaling relation called the Tian-Ye-Jin
(TYJ) model to separate the different contributions of AHE
experimentally [20-23]. It has been shown that the side jump
contribution is negligibly small in most of the metallic ferro-
magnetic systems [19,20], except in some of the multilayer
systems where interfacial scattering plays an important role
[24,25]. The new scaling relation without considering the side
jump mechanism can be expressed as

Pl = apuo + bpy,. (1
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where p,,o is the residual resistivity. The first term corre-
sponds to the extrinsic skew scattering and the second one
deals with the intrinsic mechanism, where b is the intrinsic
parameter.

Although AHE is a well studied phenomenon in several
materials, a systematic manipulation of different mechanisms
as discussed above is extremely important for its future im-
plementation in real devices. In this regard, Heusler materials
lay a great platform to willfully tune the material property by
chemical doping [26-29]. In some of the recent studies, it is
demonstrated that these materials can exhibit extremely large
AHE due to the presence of Weyl nodes near the Fermi energy
[30,31]. Therefore, expanding the material base in the Heusler
family with respect to the AHE and understanding its govern-
ing mechanism is an important step to move forward. In this
report, we carry out a combined theoretical and experimental
study to show a systematic change in the governing mech-
anism of AHE in cubic Heusler compounds MnPt;_,Ir,Sn.
First, we show that the magnetic moment of the system can be
greatly modified by changing only the nonmagnetic element
Pt and Ir. Then with the help of the scaling relation for the
AHE and theoretical study, we present a detailed study on the
changeover of the AHE mechanism from extrinsic to intrinsic
by replacing Pt with Ir.

II. METHODS

Polycrystalline samples of MnPt;_,Ir,Sn (x = 0, 0.1, 0.2,
0.3, 0.5) are prepared by arc-melting of ultrahighly pure con-
stituent elements Mn, Pt, Ir, and Sn in argon atmosphere. For
better chemical homogeneity, the ingots are melted four to five
times by flipping the sides. As-prepared samples are annealed
in an evacuated quartz tube at 850 °C for seven days, followed
by quenching in ice water mixture. To check the phase purity,
powder x-ray diffraction (XRD) measurement is performed
on all the samples using a Rigaku SmartLab x-ray diffrac-
tometer with a Cu-K,, source. The neutron diffraction patterns
are recorded using the PD2 powder diffractometer (A =
1.2443 A) at the Dhruva reactor, Bhabha Atomic Research
Centre, Mumbai, India, at selected temperatures between
1.5 K and 300 K. The magnetic characterizations are carried
out with the help of a Quantum Design MPMS3 (SQUID-
VSM). The ac transport measurements are performed using
a physical property measurement system (PPMS; Quantum
Design).

The density-functional theory calculations are performed
using the plane-wave basis and pseudopotential framework
as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [32,33]. The exchange-correlation functional
is employed following the Perdew-Burke-Ernzerhof (PBE)
prescription [34]. The experimentally determined lattice pa-
rameters are used in the calculations, while relaxing the
atomic positions toward equilibrium until the Hellmann-
Feynman force becomes less than 0.001 eV/A. In order to
incorporate correlations beyond the scope of mean-field PBE,
the Hubbard on-site U is introduced by performing GGA + U
calculations [35,36] with suitable values of Uy (U — Jy) of
5 eV at the Mn site and 2 eV at the Pt and Ir sites, respectively.
The effect of SOC is introduced as a fully relativistic approach
in the self-consistent calculations. The self-consistent elec-

tronic structure calculations are performed with a plane-wave
cutoff of 500 eV, and an 8 x 8 x 8 k mesh is used for the
Brillouin zone integration.

III. RESULTS AND DISCUSSION

A. Structural and magnetic characterization

The structural characterization for all the samples is carried
out by room-temperature XRD measurements combined with
Rietveld analysis using the FullProf suite (see Fig. S1 in the
Supplemental Material [37]). All the samples crystallize in a
single cubic structure with space group F43m. A negligible
change in the lattice parameter from a = 6.25 A in MnPtIn
to 6.23 A is found with Ir doping for MnPtg slrgsSn. The
temperature-dependent magnetization, M(T'), curves mea-
sured in zero-field-cooled (ZFC) and field-cooled (FC) modes
for all the samples are shown in Fig. 1(a). The magnetic order-
ing temperature, T¢, for the parent MnPtSn sample is found to
be 326 K. The 7¢ decreases substantially with increasing Ir
concentration and falls to 226 K for MnPt( sIrg sSn. The ZFC
and FC M (T') curves do not display any noticeable difference,
signifying the absence of any spin-glass-like phase or con-
siderable magnetic anisotropy in the system. The isothermal
magnetization, M (H ), loops measured at 5 K for all the sam-
ples are depicted in Fig. 1(b). As can be seen, the saturation
magnetization, Mg, significantly reduces from 4.17 pup/f.u. in
the case of MnPtSn to about 2.78 pp/f.u. for MnPtg sIrg sSn.
It is well known that the cubic L2; based Heusler materials
show a linear variation of the magnetic moment with the
valence electron concentration [38—40]. In the present case,
the substitution of Ir in place of Pt decreases the number of
valence electrons in the system. This is expected to greatly
affect the electronic and magnetic properties of the system.
Figure 1(c) shows the variation of total magnetic moment and
Tc with the valence electron concentration (e/a). As can be
seen, both Mg and 7¢ exhibit a nearly linear dependency with
the e/a ratio.

To further understand the microscopic origin of the reduc-
tion in the total magnetic moment with Ir doping, we carry
out a neutron diffraction (ND) study on our well-characterized
polycrystalline samples MnPtSn and MnPt( 5IrgsSn. In the
case of MnPtg sIrg sSn, the ND measurements are performed
at 2 K and 300 K. Since the T of MnPtsIrpsSn is 226 K,
we use the ND pattern at 300 K for this sample to extract the
nuclear parameters. For this purpose, the Rietveld refinement
using the FullProf suite [41] is performed with the Wyckoff
positions of Sn, Mn, and Pt/Ir as 4a (0, 0, 0), 4b (%, % %), and
4c (i, }‘, i), respectively. However, we are unable to achieve
a good fitting for the 300 K ND using the above-mentioned
Wyckoff positions. It is worth mentioning that the atomic
disorder is frequently encountered in Heusler compounds with
different transition metals of comparable ionic radii. Although
Ir is substituted in place of Pt, the higher electronegativity
difference between Ir and Sn in comparison to that of Pt-Sn
may result in some of the Ir atoms sitting along with the Sn
atoms [26,42]. To check this, we replace about 10% of Mn
atoms with Ir in the Mn Wyckoff position (4b) and put these
Mn atoms in the Ir position (4c), as shown in Fig. 2(a). By
doing so, we achieve a better fitting in comparison to that of
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FIG. 1. (a) Temperature-dependent zero-field-cooled (ZFC; open symbols) and field-cooled (FC; closed symbols) magnetization [M(T')]
curves for MnPt;_ Ir,Sn (x = 0, 0.1, 0.2, 0.3, 0.5). (b) Field-dependent isothermal magnetization loops [M(H)] measured at 5 K for the
MnPt,_,Ir,Sn samples. (c) Valence electron count (e/a) dependent Curie temperature and saturation magnetization for these samples.
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FIG. 2. Rietveld refinement of powder neutron diffraction (ND)
patterns. (a) Room-temperature Rietveld refinement of the pow-
der ND pattern with 10% atomic disorders between Mn/Ir site of
MnPt 5Irg sSn. The region between 34° and 36° has been excluded
due to contributions from the cryostat. (b) Low-temperature Rietveld
refinement of powder ND pattern with 10% atomic disorder for
MnPt 5Irg sSn. (c) Low-temperature Rietveld refinement of the pow-
der ND pattern for MnPtSn.

without disorder (see Supplemental Material Fig. S2(a) [37]).
In the case of 0% disorder, the values of the x? and RpBrage
factors are 6.40 and 13.74, respectively, whereas for 10%
atomic disorder the values of the X2 and Rgage factors are
reduced to be 5.96 and 11.63, respectively. By further increas-
ing the disorder, both the x2 and Rpragg factors increase (see
Supplemental Material Table S1). Hence, it can be concluded
from our Rietveld refinement that MnPt( 5Irg 5sSn consists of
about 10% Mn-Ir atomic disorder.

Next, we concentrate on the low-temperature powder ND
data to find out the magnetic ground state of our samples.
In the case of MnPt( sIrgsSn, the Mn atoms occupy both 4b
and 4c sites due to the atomic disorder. First, we perform the
refinement considering the magnetic moment at the 4b and 4c
sites. The Mn moment at the 4b site comes to be 3.14 ug,
whereas the 4c site displays a very small moment. This may
be due to the presence of a very small percentage of Mn
atoms at the 4c site that makes it difficult to get the magnetic
information. Then we carry out the refinement by giving the
magnetic moment only at the 4b position. This scenario does
not affect the fitting parameter much and we obtain a mag-
netic moment of 3.17 up for the Mn atoms. This results in
a total moment of 2.85 up/f.u. which is in good agreement
with the experimental magnetic moment observed from the
magnetization data. In the case of the MnPtSn sample, the T¢
is about 326 K. We are unable to perform the ND experiment
above room temperature; only 2 K ND data are collected for
this sample. Here, we consider the regular structure without
disorder and the refined magnetic moment of Mn at the 4b
site comes out to be 3.52 up. In general for Heusler com-
pounds, the magnetic atoms sitting at the 4b and 4c sites align
antiferromagnetically. Hence, the reduction in the magnetic
moment for MnPtg 5Irg sSn might be arising from the lower
Mn concentration at the 4b site as well as the antiferromag-
netic alignment between Mn at the 4b and Mn at the 4c site.
Hence, our ND study categorically establishes that the reduc-
tion of magnetic moment in the case of the Ir-doped samples
arises mainly from the induced atomic disorder in the system.

184424-3



JAMALUDDIN, ROY, DAS, KANUNGO, AND NAYAK

PHYSICAL REVIEW B 106, 184424 (2022)

6 ———————— 4.4 180 —————————————————— 2.8
(a) (b) (c)
4| MnPt,IrSn i MnPt,_Ir,Sn MnPt, Ir,Sn 26
—e—0.0 H14.0 170
—=—0.1 — :
= 2 i pn E 4} - 12.4
3] =e=0.3 g < E160} 9
c o ——0.5 = 136 Ey é 29 Z
= X = = T
o | = ?1 50 =
- las - 12.0
4 -4 N 1.8
140}
{2.8
-6 1 1 1 1 1 1 L L L L L L 16
6 4 -2 0 2 4 6 00 01 02 03 04 05 00 01 02 03 04 05
HoH (T) X X

FIG. 3. (a) Field-dependent Hall resistivity [p.,(H )] measured at 5 K for different samples. (b) Variation of anomalous Hall resistivity
[,ofy(H ); red curve] and saturation magnetization (My; blue curve) with iridium composition at 5 K for MnPt;_,Ir,Sn. (c) Compositional-
dependent anomalous Hall conductivity (afy) and anomalous Hall angle (AHA) at 5 K for MnPt,_,Ir, Sn.

B. Anomalous Hall effect

In order to explore the effect of Ir substitution on the
electrical transport, we focus on a detailed Hall resistiv-
ity measurement on our well-characterized samples. The
field-dependent Hall resistivity [py,(H)] measured at 5 K
for different Ir-doped samples is shown in Fig. 3(a). As is
found, px,(H) exhibits a monotonic increment from about
1.6 u2 cm for MnPtSn to about 5 u€2 cm for MnPtg 5l 5Sn.
It is worth noting here that the enhancement of the p,,(H)
is observed despite a significant reduction in the magnetic
moment from about 4.2 ug/f.u. for MnPtSn to 2.8 ug/f.u.
for MnPt sIrgsSn [Fig. 3(b)]. Although there is a threefold
increase in the Hall resistivity, we observe a small decrease in
the anomalous Hall conductivity U;‘V with Ir doping [Fig. 3(c),

left y axis]. The decrease in the Uf‘, might be arising due to the
increase in residual resistivity as a result of atomic disorder
due to Ir doping. In contrast, the anomalous Hall angle (AHE)
considerably increases with increasing the Ir concentration.
This suggests that the Ir doping actually helps in the overall
conversion of the longitudinal resistivity to Hall resistivity.
To understand the mechanism that governs the observed
change in the AHE with Ir doping, we carry out a thor-
ough analysis of the pfy data using TYJ scaling relations
[19] and the power law relation. In order to map out the
magnitude of different contributions of AHE in the Ir-doped
samples, we employ the scaling relation given in Eq. (1).
For this purpose, we plot ,ofv vs p2, for different samples, as
depicted in Figs. 4(a)-4(e). The p,, data are obtained from
the temperature-dependent longitudinal resistivity measure-
ments and pfy points are taken from the field-dependent Hall
resistivity measurements at different temperatures as shown
in the Supplemental Material [37]. The fitting parameters
obtained from the linear fit [as shown by black solid lines
in Figs. 4(a)-4(e)] of the experimental data can be used to
extract the information about different contributions of AHE.
The slope of the linear fitting gives the intrinsic parameter
b, whereas the extrinsic parameter a can be calculated from
the intercept. Figure 4(f) shows the variation of a and b with
the iridium concentration. The extrinsic parameter a decreases
and the intrinsic parameter b increases with increasing iridium
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FIG. 4. (a)—(e) Anomalous Hall resistivity (pfv) as a function of
square of longitudinal resistivity (pfx) for MnPt,_,Ir,Sn (x = 0, 0.1,
0.2, 0.3, 0.5). Solid lines are the linear fitting to the equation pj:‘y =
apeo + bp?,. Top axis indicates the corresponding measurement
temperatures. (f) The extrinsic parameter (a; open squares) and
intrinsic parameter (b; closed squares) as a function of iridium con-
centration x. The lines are guides to the eye.
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TABLE I. Values of extrinsic and intrinsic parameters and differ-
ent contribution of AHE.
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For the power law analysis, we plot log(pfy) vs log(oyy) as
shown in Figs. 5(a)-5(e). The solid lines represent the linear
fitting to the data and the slope gives the scaling factor «. For
each sample a good fit to the data can be obtained up to a
certain temperature below which the magnetization is almost
constant. As is found, « increases linearly with Ir doping
from 0.96 for MnPtSn to 1.93 in MnPtysIrgsSn [Fig. 5(f)].
The scaling factor o close to 1 suggests that the extrinsic
contribution is the dominant mechanism that governs the AHE
in MnPtSn, whereas « of nearly 2 in the case of MnPtg sIrg 5Sn
points toward its intrinsic nature. The change of « from 0.96
to 1.93 implies a changeover in the mechanism of AHE from
extrinsic to intrinsic with Ir doping.

C. Electronic band structure and effect
of the spin-orbit coupling

The electronic structure calculations are carried out for
three compounds in the MnPt;_,Ir,Sn series with x = 0.0,
0.5, and 1.0. Although MnIrSn could not be synthesized ex-
perimentally, the crystal structure is obtained by the structural
optimization starting from the MnPtSn and included in the
study for the sake of complete understanding of the role
played by each component. Figure 6 shows the calculated
GGA + U comparative density of states (DOS) for the above-
mentioned compounds. The DOS shows that the Mn-3d states
are fully filled in the majority spin channel and completely
empty in the minority spin channel, with a very small con-
tribution at the Fermi energy. The major contribution at the

FIG. 5. Power law representation. (a)-(e) Plot of log(pg) Vs
log(pyy) for MnPt;_,Ir,Sn (x =0, 0.1, 0.2, 0.3, 0.5). Black solid
lines are the fit using the relation p;‘v o pg.. Top axis indicates the
corresponding measurement temperatures. (f) Scaling factor « as a
function of iridium concentration x.

Fermi level arises from the Pt-54 and the Sn-5p states as
shown in Fig. 6(a).

The DOS clearly shows the metallic character of the elec-
tronic structure, where the Pt-5d states contribute at the Fermi
energy for MnPtSn. In the case of x = 0.5, the hybridized
Ir-5d and Pt-5d states mostly appear at the Fermi energy. The
calculated magnetic moment at the Mn site comes out to be
about 4.52 up, while the induced moments at the Sn and Pt
sites appear to be —0.12 g and negligibly small, respectively.
This results in a total moment of 4.53 ug/f.u. After 50% Ir
doping at the Pt site the DOS changes significantly as shown
in Fig. 6(b). The Mn-3d states remain almost unchanged,
while the major renormalization happened at the Pt states
due to incorporation of the Ir doping. Doped Ir-5d states are
pushed toward the Fermi level in MnPt 5IrgsSn. The mag-
netic moment at the Mn site is slightly reduced to 4.50 ug,
while the induced moment at the Ir site is around —0.05 wp.
The difference in the theoretical magnetic moment compared
to the experimental moment obtained for the Ir doped sample
might be arising due to the fact that the present theoretical cal-
culations are performed without considering any disorder. For
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FIG. 6. Projected density of states (DOS) with UM" = 5 eV and U"/" = 2 eV for (a) MnPtSn, (b) MnPt, 5Ir;5Sn, and (c) MnIrSn. The
Mn-d, Pt-d, Ir-d, and Sn-p states are represented by red, green, blue, and cyan, respectively. Projected density of states with the variation of
spin-orbit coupling (SOC) strength. (d), (e), and (f) represent the variation of DOS for Pt-d in MnPtSn, Pt-d in MnPt, 5IrgsSn, and Ir-d in
MnPtg 5Irg sSn, respectively. The color scheme for various values of « is mentioned in the right panel. The Fermi level in the energy scale is

set at zero.

MnlrSn, the Mn-3d states remain unchanged except slightly
narrowing down the bandwidth, and the Ir-5d states are further
pushed toward the Fermi level as shown in Fig. 6(c). More-
over, we calculate the magnetic transition temperatures in a
mean-field method for the MnPtSn and MnPt( sIry sSn. The
calculated ratio of the transition temperature (%) is around
1.52, which is in good agreement with the expe}imental value
of 1.44 (see Supplemental Material Sec. VII [37]).

In addition to the above-discussed effects, Ir doping may
also modify the effective SOC strength in the material. To cap-
ture the effect of SOC-induced modifications in the system,
we have done electronic structure calculations for MnPtSn and
MnPtg 5Irg sSn by varying the SOC strength manually. The
calculated GGA + U4SOC electronic DOSs with varying
SOC strength () for Pt/Ir states are shown in Figs. 6(d)-6(f).
As expected, the Mn-3d state does not exhibit any substantial
variation with the SOC strength [37]; however, the Pt/Ir-5d
states change significantly and move toward the Fermi energy
with increasing SOC strength as shown in Figs. 6(d)-6(f). As
discussed above, a similar kind of modification of the DOS
is also observed with Ir doping in Figs. 6(a)-6(c). From these
DOS calculations, it is very clear that the introduction of Ir

into the system substantially changes the effective strength of
the SOC as well as the Pt/Ir states.

To understand the variation of the magnetic moment with
the Ir doping, we also perform the calculations for interme-
diate concentrations (x = 0.25, 0.5, 0.75). The variation of
spin and orbital magnetic moments with Ir concentration is
shown in Figs. 7(a)-7(d). It is evident that the spin magnetic
moment at the Mn sites gradually decrease with increasing Ir
concentration, whereas the Pt/Ir spin moments, although very
small, remain almost constant. The point to be noted here is
that the sign of the induced moments at the Ir site is opposite
to that of the Mn site. As expected, the Mn atom exhibits a
very small orbital moment in comparison to its spin magnetic
moment and the orbital moment at the Pt/Ir site. Interestingly,
the orbital magnetic moment at the Ir site is larger than that of
the Pt site with opposite sign. However, the spin and orbital
magnetic moments at the Ir sites follow almost the same trend
with the Ir doping, as expected due to the modification of the
effective strength of the SOC in the system.

From our experimental and theoretical studies, it is very
clear that Ir doping plays a crucial role in deciding the mag-
netic state of the material. Naively, the physical consequence
of the Ir doping at the place of Pt can be mapped as reducing
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FIG. 7. Variation of magnetic moment with respect to (a)—(d) iridium doping concentration (x) and (e)—(h) scale factor of SOC strength
a. (a), (b), (e), (f) represent the variation of spin magnetic moment and (c), (d), (g), (h) represent the variation of orbital magnetic moment.
Mn-d, Pt-d, Ir-d states are shown by circle, square, and triangle symbols, respectively. In (e)—(h) closed symbols represent MnPtSn and open

symbols MnPt 5Iro sSn samples.

one electron per atom in the material. As we can see from the
DOS calculation, Ir doping changes the SOC which influences
the resultant magnetic moment of the system. Figures 7(e)—
7(h) show the variation of spin and orbital magnetic moment
as a function of the scale factor () of the SOC strength. As
the « increases, the spin magnetic moment at the Mn sites
[Fig. 7(e)] decreases, whereas the orbital magnetic moment
[Fig. 7(g)] increases. This trend can be understood from the
transfer of spin contribution to the orbital contribution of mag-
netic moment with increasing SOC. In contrast, the variation
of the spin and orbital moments as a function of « are very
different for Pt and Ir. There is a marginal change in the
spin and orbital magnetic moment for Pt as a function of «,
whereas the variation is quite substantial for Ir. The effect of
SOC is more prominent in the case of Ir than Pt in both the
MnPtSn and 50% Ir doped cases. Interestingly, the variations
of magnetic moment at the Mn site as a function of the Ir
doping and SOC strength () are very similar, which suggests
that the Ir doping at the Pt site plays a crucial role in dictating
the effective SOC of the materials, apart from injecting an
electron in the system.

D. Magnetization density

The effect of the different roles played by the Pt and Ir
atoms in terms of SOC strength can be conclusively visualized
by the magnetization density plot shown in Fig. 8. Figures 8(a)

and 8(b) show the magnetization density for MnPtSn with
a = 1.0 and 4.0, respectively, whereas Fig. 8(c) represents the
magnetization density for MnPt sIrg sSn with @ = 1.0. Since
the Mn magnetic moment is much larger, the spin isosurface
sitting at the Mn site is very large compared to the Pt/Ir sites.
However, the small isosurface of the Pt or Ir carries very
important information about the effective strength of the SOC.
The Pt isosurfaces in Figs. 8(a) and 8(b), i.e., for « = 1.0 and
4.0, are very different, which is quite expected as the SOC
strength modifies the shape of the magnetization density. A
very interesting fact is that the shape of the Ir isosurface in
Fig. 8(c) (i.e. for MnPtg 5Irp 5Sn with ¢ = 1.0) is similar to
that of the Pt isosurface in Fig. 8(b) (i.e., for MnPtSn with
o = 4.0). This observation suggests that the effective strength
of the SOC gets modified due to the Ir doping in the MnPtSn.
Qualitatively, it can be said that the effective strength of the
SOC in the case of the 50% Ir doped sample is greater than
the parent MnPtSn. Hence, it is expected that the change in
the SOC with Ir doping may significantly affect the electron
transport in the system. The above-discussed theoretical re-
sult nicely corresponds with the experimental findings. It is
well established that the intrinsic contribution of the AHE is
directly proportional to the relevant local Berry curvature of
the material. To realize a nonvanishing Berry curvature by
the breaking of the symmetry of the system, the SOC in the
material plays a very crucial role [45]. From the electronic
structure calculations, we show that Ir doping enhances the
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FIG. 8. Magnetization density for the MnPtSn and 50% Ir doped material for different SOC strength «. (a) and (b) are the magnetization
density of MnPtSn for « = 1.0 and 4.0, respectively, whereas (c) represents the same for MnPt( 5IrgsSn with @ = 1.0. Yellow and green

represent the isosurfaces with + and — signs, respectively.

effective strength of SOC; as a result the intrinsic contribution
to the AHE should also increase.

The theoretical findings corroborate our experimental ob-
servation of enhanced AHE in case of the Ir-doped samples. It
may be noted that the Ir-doped samples possess some amount
of disorder as well as higher residual resistivity compared to
the parent MnPtSn compound. Although the skew scattering
contribution is sensitive to the impurity, it is larger in a clean
regime [low resistivity, oy, > 10° (€ cm)~'] and decays in
a bad metal regime [high resistivity, oy, < 10* (2 ecm)™1].
This suggests that as the conductivity (o,,) decreases, the
skew scattering contribution starts diminishing and the in-
trinsic mechanism begins to dominate [6,46]. In the present
case all the samples fall into moderate to bad metal regimes.
Hence, our experimental and theoretical findings suggest that
one can tune different contributions of AHE with changing the
overall SOC strength in the system. In this regard, AHE driven
by different underlying mechanisms is reported recently in
several materials. In some cases, a large intrinsic anomalous
Hall signal has been observed due to the presence of Weyl
nodes [47,48]. Additionally, nontrivial scalar spin chirality
can also induce a large extrinsic anomalous Hall effect as
recently found in MnGe [49]. Besides this, there are reports
of modification of intrinsic and extrinsic AHE by tuning the
Fermi level with the help of chemical doping [20,50,51].
Although SOC is the primary mechanism responsible for the
AHE, it is important to understand the correlation among
other mechanisms contributing its cause. In the present study,
we demonstrate the manipulation of different contributions of
AHE by introducing chemical doping.

IV. CONCLUSION

In conclusion, we present a detailed study on the mag-
netic and electronic transport properties of the half-Heusler
system MnPt;_,Ir,Sn. We find that the saturation magne-
tization systematically decreases while the anomalous Hall
resistivity increases with increasing iridium concentration.
The experimental Hall signal is analyzed using the scaling
relation between anomalous Hall resistivity and longitudi-
nal resistivity. We find that the scaling factor changes from
close to 1 for the parent MnPtSn sample to quadratic for
MnPtg 5Irg sSn, signifying that Ir doping enhances the in-
trinsic contribution by suppressing the extrinsic mechanism.
Our experimental results are well supported by the theoretical
study that showed that the Ir doping significantly enhances
the spin-orbit coupling in the system. The present study is
an important contribution toward the basic understanding of
different mechanisms of AHE, and thereby possesses a great
importance in designing anomalous Hall sensor based spin-
tronic devices.
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