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Observation of Kondo-like electrical transport in ferromagnetic Fe, Ti;_,Mn,Sn Heusler alloy

Kulbhushan Mishra®,! Shishir Kumar Pandey ®,> S. Chaudhuri,®" Rajeev Rawat ®,* and P. A. Bhobe ®'-'

Yndian Institute of Technology Indore, Khandwa Road, Simrol, Indore 453552, India
2Department of General Sciences (Physics), Birla Institute of Technology and Science, Pilani, Dubai Campus,
Dubai International Academic City, Dubai 345055, United Arab Emirates
3Center for Condensed Matter Science, National Taiwan University, Taipei 10617, Taiwan
4UGC-DAE Consortium for Scientific Research, University Campus, Khandwa Road, Indore 452001, India

® (Received 25 February 2025; revised 6 June 2025; accepted 10 June 2025; published 27 June 2025)

We investigate the effect of Mn substitution on the electronic, magnetic, and electrical transport properties
of Fe,Ti;_,Mn,Sn. Spin-polarized density of states calculations using density functional theory indicate a
half-metallic ground state in Mn-rich compositions. Localized magnetic moments at Mn sites interact through the
conduction electron cloud. Electrical resistivity and magnetotransport measurements show dominant Kondo-like
scattering at low temperatures alongside a distinctive linear negative temperature coefficient of resistance at
higher temperatures. These findings are further supported by specific heat measurements. Isothermal magne-
tization as a function of the applied magnetic field identifies the magnetic ground state of Fe,Ti;_,Mn,Sn
compositions as a ferromagnet with a wandering axis that aligns with the direction of the applied field.
Temperature-dependent magnetization measurements highlight features indicative of weak anisotropy in the
system, while the x-ray diffraction analysis reveals a highly ordered cubic structure with reduced antisite
disorder. Investigation of the local crystal structure using x-ray absorption fine structure spectroscopy shows
that the random anisotropy arises from local lattice distortions around Mn atoms. These findings shed light
on the emergence of a spin-polarized band structure and a unique magnetic ground state in Mn-substituted

Fe,Ti;_.Mn, Sn, offering insights into spintronic materials.

DOI: 10.1103/jnxr-9qf8

I. INTRODUCTION

It has long been recognized that localized magnetic
moments in metals interact through Ruderman-Kittel-Kasuya-
Yosida (RKKY) interactions, mediated by the conduction
electrons [1-3]. However, when a local moment is coupled
to the sea of conduction electrons, the Kondo effect can
emerge at low enough temperatures, significantly altering the
electronic structure and, therefore, dramatically impacting the
transport properties of the system. In heavy-fermion com-
pounds, the coupling between local moment and conduction
electrons typically gives rise to two competing mechanisms:
the intrasite Kondo screening and intersite long-range RKKY
interactions. The RKKY interaction favors a magnetically or-
dered state, while the Kondo screening is considered to form
a nonmagnetic heavy fermion state. Thus, a simultaneous
occurrence of the Kondo effect and ferromagnetism in certain
materials presents a fascinating and complex problem in con-
densed matter physics. Recently, weak ferromagnetism below
the Kondo temperature has been observed near the magnetic
phase transition in Kondo lattice materials [4-6]. The simulta-
neous occurrence of these two mutually exclusive phenomena
is highly intriguing from a fundamental perspective and highly
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relevant for potential applications [7]. Interestingly, the simul-
taneous observation of the Kondo effect and ferromagnetism
in transition metal compounds is exceptionally rare.

Transition metal-based Heusler alloys have been inten-
sively studied due to their unique physical properties, which
include magnetic shape memory effect [8], near-room temper-
ature magnetocaloric effect [9], half-metallic ferromagnetism
[10,11], spin-gapless semiconductivity, unconventional super-
conductivity [12], thermoelectricity [13,14], and anomalous
Hall effect, heavy fermion, non-Fermi liquid properties,
and the Kondo effect, among others. Heusler alloys (gen-
eral formula: X,YZ) crystallize in the L2; structure (space
group Fm3m) consisting of four interpenetrating FCC sub-
lattices, where the X atom occupies the (0.25,0.25,0.25)
and (0.75,0.75,0.75) sublattice sites, whereas the Y and Z
atoms occupy the (0.5,0.5,0.5) and (0,0,0) sublattice sites,
respectively. Theoretical studies on Heusler alloys reveal an
interesting relationship between the total spin moment per unit
cell (M7) and the number of valence electrons count (VEC)
per formula unit (Z). Also known as the Slater-Pauling rule
[15], this relationship states the quantitative value of My as
equal to (Z-24) and seems to provide a handle to modulate
the physical properties of Heuslers through suitable chemical
substitutions.

A notable example of the Heusler family is the Fe,TiSn
composition, which conforms to VEC = 24. The electronic
structure calculation indicates Fe,TiSn to be a nonmagnetic
semimetal with a pseudogap in the density of states (DOS)

©2025 American Physical Society
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TABLE I. Atomic percentages, parameters determining goodness of fit, and magnetic transition temperatures of Fe,Ti;_,Mn,Sn.

Composition Atomic % Goodness of fit Tc Ty
Fe Ti Mn Sn RBrage Rr x> (K) (K)

0.05 48.05 24.51 1.23 26.21 8.12 10.1 1.94 <5 250
0.10 48.29 22.76 2.55 26.27 8.44 6.49 2.51 6 268
0.25 48.0 19.55 6.25 26.13 9.68 7.86 2.77 18 320
0.30 4791 18.10 7.40 26.60 10.7 9.09 2.02 25 325

at the Fermi level. However, a change in the DOS at the
Fermi level due to the local environment of Fe, because of
antisite disorder between Fe and Ti sites, leads to the super-
paramagnetic ground state at low temperature [16]. Based on
specific heat measurements, it has been speculated to be a
heavy fermion metal with quasiparticle mass ~ 40 m, [17]. A
comparison of the x-ray photoelectron spectroscopy valence-
band spectra with band-structure calculations, both with and
without atomic disorder, indicates that the weak ferromag-
netism and heavy-fermion behavior in Fe,TiSn are driven by
the presence of atomic disorder [17]. Further, the substitution
of Ni at the Fe site forms a system with isolated spins, lead-
ing to a Kondo-like interaction between localized spins and
conduction electrons. On the contrary, Co substitution leads
to a typical spin fluctuation scenario [18]. It is to be noted
here that in contrast to Fe and Co, bulk Ni has a sharp peak at
Er in one of the spin subbands [19]. This sudden increase of
DOS at Er may lead to enhanced electron correlation, leading
to Kondo-like spin scattering at low temperatures. It has also
been found that with proper substitution at Ti and Sn sites,
the system can be driven to half-metallicity [20,21]. These
observations suggest that the nonmagnetic semimetallic band
structure of Fe, TiSn is highly sensitive to doping or elemental
substitution, and an interesting ground state may emerge upon
suitable substitution.

In this paper, we report a detailed investigation of the struc-
tural, magnetic, and transport properties of Mn-substituted
Fe, TiSn compositions. X-ray diffraction (XRD) results show
the formation of an ordered L2; structure with reduced an-
tisite disorder. The low-temperature upturn in the electrical
resistivity is due to the Kondo-like spin scattering. This
interpretation is further supported by specific heat measure-
ments. The temperature- and field-dependent magnetization
measurements indicate the presence of anisotropy in the sys-
tem due to the strong local magnetic moment of Mn atoms.
Additionally, EXAFS measurements indicate that the mag-
netocrystalline anisotropy in the cubic Heusler compound
primarily originates from local lattice distortions. We have
also performed electronic structure calculations to better un-
derstand the ground state properties.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Polycrystalline Fe,Ti;_,Mn,Sn compositions were pre-
pared by melting stoichiometric amounts of high-purity
(99.99%) elements such as Fe, Mn, Ti, and Sn using an
electric arc furnace by placing these elements on a water-
cooled Cu hearth and under a flowing Ar atmosphere. The
homogeneous ingots thus formed were vacuum sealed in the
quartz tubes and annealed for 72 hours at 800 °C followed by

quenching in ice water. The weight loss of all the prepared
compositions is consistent and well below 1%. The energy
dispersive x-ray spectroscopy, equipped with a field emission
scanning electron microscope, was performed using Model
FE-SEM Supra 55 (Carl Zeiss, Germany) to ensure the target
composition after melting was close to the starting stoichiom-
etry. The atomic percentages of the elements are presented in
Table I, and the elemental mapping for x = 0.25 is shown
in Fig. 1. The crystallographic phase purity of the samples
was checked using a laboratory x-ray source on a Bruker D8
Advance diffractometer having a Cu target (A = 1.5406 A),
confirming the formation of the Heusler phase. Magnetization
as a function of temperature and magnetic field was measured
using a Quantum Design SQUID magnetometer. A stan-
dard four-probe method with a homemade resistivity setup
equipped with a superconducting magnet system was used
for the electrical resistivity and magnetoresistance measure-
ments. The extended x-ray absorption fine structure (EXAFS)
measurement was carried out at P65 beamline, PETRA-III
DESY, Hamburg, Germany at Fe (7112 eV) and Ti (4966 eV)
K edges at 6 K. Gas-filled ionization chambers were used
to simultaneously record the incident (/) and transmitted (I)
photon energies. The data was collected over various scans to
reduce the statistical noise. Subsequently, the EXAFS signal
was extracted and analyzed in the 3 to 14 A~! range using the
DEMETER suite [22].

Density-functional theory (DFT) calculations were per-
formed within the QUANTUM ESPRESSO package [23,24]
where ultrasoft pseudopotentials [25] and a plane-wave basis
set are employed. Generalized-gradient approximation with

FIG. 1. The elemental mapping results of x = 0.25. The fig-
ures are presented at a scale of 100 um.

235146-2



OBSERVATION OF KONDO-LIKE ELECTRICAL ...

PHYSICAL REVIEW B 111, 235146 (2025)

Density of states (atom™ eV 1)

-6 -4 -2 0 2
E-E, (eV)

FIG. 2. Atom-projected spin-polarized density of states for Fe,
Mn, and Ti -d and Sn p orbitals in Fe,Tip75Mng25Sn in the ferro-
magnetic arrangements. Contributions from Fe and Mn d states in the
up-spin channel at the Fermi level (set to zero) signify the itinerant
magnetic interaction between these two atoms. Contributions from
Ti d and Sn p orbitals are either below or above the Fermi level.

Perdew—Burke—Ernzerhof functional form is used for the
calculation of exchange-correlation energy [26]. The kinetic
energy cutoff for plane-wave functions of 95 Ry and the
charge density of 1140 Ry are considered in our calcula-
tions. We start with the simple cubic crystal structure (space
group Fm — 3m, No. 225) of Fe,TiSn with lattice constant
a = 6.059 A and fully optimize it after replacing one of
the Ti atoms with Mn (25% doping). Energy convergence
criterion of 5x10~7 Ry and 6x6x6 uniform k mesh and
Marzari-Vanderbilt smearing are considered in our calcula-
tions. The optimization leads to small changes (<1.0%) in
the lattice constants. These spin-polarized calculations start
by aligning all eight Fe atoms ferromagnetically with large
moments while one Mn atom is aligned antiferromagneti-
cally with the Fe atoms in the 16-atom unit cell. However,
after the convergence, the negligibly small Fe and large Mn
magnetic moments are aligned ferromagnetically. We discuss
these results in connection with the magnetic properties of the
compositions at a later stage.

For the present calculation, the Mn-Mn magnetic inter-
action is estimated by considering 2x2x?2 supercell of 128
atoms and replacing two Ti atoms with Mn. The different
separation between these two Mn atoms within this super-
cell is then considered to extract the distance-dependent
magnetic interaction. The four possible Mn-Mn separations
considered, after avoiding the possible interference of periodic
images of supercell on magnetic interactions, are 4.254 A,
6.017 A, 7.369 A, and 8.509 A. At these four distances,
magnetic interaction is estimated by calculating the energy
difference between ferromagnetic and antiferromagnetic ar-
rangements of the two Mn atoms. Background from negligibly
small Fe and Ti magnetic moments has an insignificant influ-
ence on the magnetic interactions estimated in this fashion.

III. RESULTS AND DISCUSSION

The DOS scenario of the Fe,Ti;_,Mn,Sn system is
obtained using a DFT-only approach. For this case, the atom-
projected spin-polarized DOS of Fe, Mn, Ti -d, and Sn p
states are shown in Fig. 2. Many insightful observations can be
made from this plot. First, the system shows the half-metallic
character of the DOS with mainly Fe and Mn d states in the
spin-up channel, while there is a band gap in the spin-down
channel at the Fermi level. Though Ti d states also contribute
below the Fermi level, the dominant contributors remain the
d states of Fe and Mn atoms, and the magnetic properties
arise from the interactions among all three transition metal
atoms. Second, this interaction can be considered itinerant as
the system is metallic. Third, the magnetic moment on the Mn
site is large, while Fe and Ti atoms carry negligible moments,
and both Mn and Fe have finite contributions to the DOS
at the Fermi level. Recall that we started with a scenario of
antiferromagnetic coupling between single Mn and eight (fer-
romagnetically aligned) Fe atoms. Such a system converges to
a ferromagnetic coupling among all the magnetic atoms, with
negligibly small magnetic moments on Fe (~ 0.016 up) and
Ti (~ 0.052 pup) atoms and a relatively high moment on Mn
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FIG. 3. (a) X-ray diffraction profile of Fe,Ti;_,Mn,Sn, and
(b) Rietveld refined XRD profile of x = 0.25.
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FIG. 4. Temperature-dependent electrical resistivity of Fe,Ti;_,Mn,Sn measured at an applied magnetic field of 0 T and 5 T.

(~ 3.161 up) atoms. It appears as if Mn atoms are the ones
with localized moments that are interacting through the cloud
of conduction electrons formed by Fe and Ti atoms.

Further, to explore the effect of Mn substitution on struc-
tural, transport, and magnetic properties of Fe,TiSn, we
begin the experimental investigation into the Mn—substituted
Fe,TiSn compounds. The XRD patterns of Fe,Ti;_,Mn,Sn
(x = 0.05, 0.1, 0.25, and 0.3) are shown in Fig. 3(a). The
presence of strong (111), (200), and (220) peaks confirm the
highly ordered cubic L2, crystal structure in all the prepared
compositions. However, the solubility limit of Mn in Fe, TiSn
is limited to 30% as additional peaks related to the secondary
phase begin to appear for compositions with x > 0.4. Contrary
to the general expectation of finding an increase in the antisite
disorder upon carrying out substitutions in an intermetallic
system, the present compositions show a relative increase
in the intensity of the (111) and (200) superlattice peaks,
indicating a reduction of the overall disorder in comparison
to pristine Fe, TiSn. Rietveld refinement of the XRD profiles,
implemented through the FULLPROF suite [27], yield values
for lattice parameters that follow Vegard’s law [28], indicat-
ing the desired substitutions at the targeted lattice sites have
indeed been achieved.

With the prediction of half-metallic DOS at the Fermi
level and a highly ordered crystal structure, studying the elec-
trical resistivity of the Mn-substituted Fe,TiSn compounds
becomes pertinent. It has been previously observed that the

electrical resistivity, p(T"), of Fe,TiSn shows a bad metallic
behavior with a low-temperature upturn and a minimum at
50 K. This low-temperature upturn in p(7") is due to weak
localization (WL) caused by antisite disorder between the Fe
and Ti sites. Figure 4 shows the p(7") data for Fe,Ti;_,Mn,Sn
(x = 0.05, 0.10, 0.25, 0.30) for a temperature range of 5—
300 K and measured under applied magnetic fields of O T
and 5 T. Although the overall features of the p(T) curve for
the x = 0.05 sample are a close match to those observed
for Fe,TiSn, the addition of Mn results in the rise of the
overall resistivity. This behavior can be understood by consid-
ering the inherently p-type nature of Fe,TiSn, where charge
transport is inherently governed by holes [16]. When Mn
substitutes for Ti, it introduces additional electrons into the
system, which partially compensate the existing hole carriers.
This compensation reduces the net carrier density, thereby
increasing the electrical resistivity upon Mn substitution (see
Fig. S3(a) in the Supplemental Material [29]). Notably, this
increase in resistivity deviates from the conventional metallic
behavior typically expected with electron doping. Further-
more, the p(T") curve for the x = 0.10 composition exhibits
a negative temperature coefficient of resistance (TCR) down
to approximately 200 K, transitioning to a positive TCR at
lower temperatures. On the other hand, x = 0.25 and 0.30
compositions exhibit complete negative TCR throughout the
measurement range. A closer inspection reveals that the p(7T")
of x = 0.25 and 0.30 shows a weak slope change at low
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FIG. 5. (a)—(d) Fitting of temperature-dependent resistivity data of x = 0.25 and 0.30 at 0 T and 5 T, respectively. The temperature axis is

represented on a log scale for better visibility of the low-T fitting.

temperature (indicated by arrow), below which p(T') increases
at a faster rate with decreasing temperature.

The low-temperature data are analyzed by considering the
different scattering mechanisms that may contribute to the
observed p(T) behavior. A low-T upturn in resistivity can
result from various mechanisms, including electron-electron
interaction (EEI), weak localization (WL), and Kondo-like
transport. EEI arises from electron-electron elastic scattering
due to the Coulomb interaction between conduction electrons,
WL arises from disorder-mediated coherent backscattering of
charge carriers, and Kondo-like transport arises from the in-
teraction between the localized magnetic moment associated
with the magnetic impurities and mobile conduction electrons
[4,30]. In Mn-substituted Fe,TiSn, a reduction in atomic dis-
order and/or magnetic order destroys the WL, suggesting that
the low-T upturn of p(7) in compositions with higher Mn
concentration is not caused by WL [16,31]. Furthermore, we
separately fit the p(7) data with EEI and Kondo effect (see
Fig. S3(c) in Supplemental Material [29]). As the result indi-
cates, neither model fits the experimental data satisfactorily.
Thus, combining both mechanisms likely contributes to the
observed low-T upturn in resistivity. Besides, the contribution
from electron-phonon scattering should also be added to the
form T° to represent the resistivity [32]. Thus, the low-T
resistivity data at H = 0 T and 5 T can be described by the
expression p(T) = py + p.T"? — px In(T) + p,T°, where,
po is residual resistivity, and, p., px and p, represent coef-
ficients for EEI, Kondo-like transport, and electron-phonon
scattering, respectively. The fitting result is shown in Fig. 5,
and the fitting parameters for different Mn substitution and
applied magnetic field are depicted in Table II. To make a bet-
ter comparison across different compositions, the fitting was

performed on the normalized resistivity data (see Fig. S3(b) in
the Supplemental Material [29]). It is evident from the Table II
that both p, and pg increase with increasing x. Further, the
value of pg (i) is higher than p, and (ii) is higherat H =0 T
compared to 5 T for a given composition. This highlights the
dominant role of Kondo-like scattering of charge carriers in
Fe,Ti;_Mn,Sn for x > 0.25 compared to EEL

Next, we analyze the p(T') behavior of x = 0.25(and 0.30)
composition in the high-T region. While the negative TCR
has been observed in Heusler compounds [33-37], the notable
feature here is the linear p(T') between 100 K and 300 K,
which is unusual compared to the common semiconductor
and disordered metallic systems. In semiconductors, electron
transport exhibits a thermally activated behavior of p(7") data
where the p vs T plot is upward convex. On the contrary, dis-
ordered metallic systems show a convex downward behavior
of p(T) data. Further, reports on the high-T resistivity data of
Fe, TiSn show a negative TCR from 300 K to 800 K, which is
attributed to the interband transition of conduction electrons
through a gap at the Fermi level [38]. With electron doping
in pristine Fe,TiSn, this negative TCR persists below 300 K
[18] and may also result in half-metallicity [20,21]. A similar

TABLE II. The extracted parameters after fitting the p(T) data in
low-temperature regions for the applied fields of 0 and 5 T.

X 00 Pex 1072 ok x1072 ppx107°
0T 5T 0T 5T OT 5T 0T 5T

025 1389 1292 0.67 120 189 1.7 1239 0.73
030 1.376 1297 101 124 25 1.9 0397 0.135
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FIG. 6. Field-dependent isothermal magnetoresistance, MR, of
Fe,Ti;_ Mn,Sn.

signature is observed in the present Fe,Ti;_.Mn,Sn compo-
sitions. Thus, the combined results of theoretical calculations
and electrical resistivity strongly suggest the presence of half
metallicity in Mn-substituted Fe,TiSn.

Figure 6 shows the isothermal magnetoresistance (MR)
curves measured at different temperatures ranging from 5 K
< T < 300 K and for all four compositions. Using the stan-
dard definition of MR as MR(%) = [2252€1]5 100, we find
that all the Mn—substituted compositions show the isotropic
negative MR in the entire temperature range. Generally, the
field-dependent resistivity, p(T, H ), depends on the combined
sum of Lorentz force and the contribution from different
scattering mechanisms. The Lorentz force constitutes the clas-
sical MR, which is inherently positive. However, the observed
small yet negative MR at high temperatures is attributed to the
presence of short-range ferromagnetic correlations, as will be
discussed later.

Moreover, the increase in the magnitude of MR at low tem-
peratures with increasing Mn content suggests the presence
of magnetic ordering and/or spin-dependent scattering. Addi-
tionally, compositions showing signatures of half-metallicity,
i.e., x = 0.25 (and 0.30), exhibit the dominance of the Kondo-
like scattering in low-T resistivity. Notably, the EEI effect
leads to a positive MR due to Zeeman splitting and orbital

x=0.05

—a— ZFC

0.06

0.04

0.02

0.005

Magnetization (emu/g)

. N

L Il L Il L Il L Il L Il L
100 150 200 250 300
T(K)

FIG. 7. Temperature dependence of the magnetization, M(T)
curves, of (a) x=0.05, (b) x=0.10, (¢c) x=0.25, and (d) x=0.30.

effects, with its magnitude varying as the square root of the
applied magnetic field [30,39—-42]. This has been reflected as
the increment of the p, value with an applied magnetic field of
5 T for a given value of x (see Table II). Conversely, applying
the magnetic field suppresses the fluctuation in the localized
magnetic moment and spin-dependent scattering, leading to
a negative MR in a Kondo system [43]. Thus, for x = 0.25
(and 0.30), the negative MR supports that the Kondo effect
is the dominant mechanism governing the low-7 electrical
resistivity. This also explains the higher value of p; compared
to the p, obtained from fitting the low-T resistivity data.
Having understood the electronic DOS in the
Fe,Ti;_ Mn,Sn compositions and possible half-metallic
ground state in x > 0.25, we now discuss the experimental
study of its magnetic properties. The temperature-dependent
magnetization, M(T), measured at H = 0.01 T, is plotted
in Fig. 7. According to previous studies, an inherent Fe-Ti
antisite disorder in the otherwise nonmagnetic Fe,TiSn
induces the formation of weak magnetic clusters [16].
These interactions are identified by a steplike feature in the
high-temperature region, denoted here as Ty, in the M(T)
curve. This steplike feature shifts toward the high-temperature
side with rising Mn substitution. Additionally, an abrupt rise
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FIG. 8. Temperature dependence of the magnetization, M(T)
curves, of x = 0.25 at an applied magnetic field of (a) H = 0.01 T,
and (b) H =0.1T.

in magnetization is observed at low temperatures, marking the
transition to a magnetically ordered state. This temperature
is identified as T¢, and its value increases with rising Mn
content. The values of 7¢ and T are listed in Table 1.

Figure 8 shows the magnified view of the M(T) curve
for x = 0.25, measured at two different applied magnetic
fields. At a low applied magnetic field (0.01 T), there is a
noticeable contrast between the M(T') plots recorded during
the zero field-cooled (ZFC) and field-cooled (FC) protocols.
This bifurcation between ZFC/FC disappears when a rela-
tively strong magnetic field of > 0.1 T is applied, suggesting
the presence of weak anisotropy in the material. In the ZFC
process, the material’s anisotropy determines the amount of
magnetization below 7¢ and may prevent a relatively small
applied field from aligning the moments in the direction of
the field. When the same material is cooled through 7¢ while
being exposed to a magnetic field during the FC process, the
moments are locked into the direction of the applied magnetic
field. As a result, there is a noticeable contrast between the
ZFC and FC curves for small applied fields, and this bifur-
cation disappears when a slightly stronger magnetic field is
applied.

Figures 9(a) and 9(b) show the variation of isothermal
magnetization (M) as a function of the applied magnetic field
(H) for all the compositions measured at 300 K and 5 K,
respectively. For x = 0.05, the M (H) curve at 300 K displays
a linear behavior [Fig. 9(a)]. With increasing x, a sharp rise
in M is observed at lower fields, followed by a linear behav-
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FIG. 9. Isothermal magnetization, M (H ) curve of all the compo-
sitions measured at (a) 300 K, (b) 5 K. (c) Values of experimental
magnetic moment per formula unit at the maximum applied field
(My) at T = 5 K, for different Mn concentrations. The dashed line
shows the moment values as predicted by Slater-Pauling rule.

ior at higher fields, suggesting the presence of short-range
ferromagnetic correlations at room temperature. Further, at
T =5 K, the M(H) curve shows the characteristics of a fer-
romagnetic ordering with an increase in the magnetic moment
values with x [see Fig. 9(b)]. The value of the experimental
magnetic moment per formula unit (Mg) at H = 5 T aligns
well with the theoretical value predicted by the Slater-Pauling
rule [Fig. 9(c)]. While the M (H ) curves do not show complete
saturation, this agreement provides strong evidence for a spin-
polarized band structure in Fe,Ti;_,Mn,Sn.

Additionally, the presence of ferromagnetic clusters at 7
= 300 K suggests that the low-temperature magnetization
behavior could be solely due to the evolution of these clus-
ters. To interpret this, we have fitted the M (H) curve at 5 K
using the modified Langevin function, expressed as M(H) =
ML(a) + xH, where @« = uH/kgT, Mg represents the sat-
uration magnetization, p is the average magnetic moment
and x represents the paramagnetic susceptibility. The lack
of fit of this model to the data (see Fig. S4 in the Supple-
mental Material [29]) rules out any clusterlike evolution in
the prepared compositions. Alternatively, it appears that the
Mn-substituted Fe,TiSn compositions display a long-range
ferromagnetic order below 7¢, which exhibits a substantial
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dependency on the strength of the applied magnetic field with
respect to the random anisotropy. Interestingly, in contrast to
this behavior, Mn-substituted Fe, VAl exhibits antiferromag-
netic ordering [44], primarily due to the difference in the
structural order, comprising sizable B2 disorder and a shorter
Mn-Mn separation [45].

Taken together, these findings highlight the subtle interplay
between structural order and magnetic interactions in Fe-
Mn-based Heusler systems. In particular, the field-dependent
magnetic behavior observed in Mn-substituted Fe,TiSn sug-
gests that the weak random anisotropy model [46] could be
applicable in describing the low-temperature magnetic proper-
ties of these compositions. Such a model has previously been
extensively used to explain the FM correlations in Heusler
alloys [47—49]. This model incorporates both the experimen-
tally applied magnetic field and the ground state configuration
of magnetic materials with random anisotropy for a wide
range of anisotropy strengths. Three distinct regimes can be
identified for the weak anisotropy situation based on the mag-
nitude of the applied magnetic field, H, and the parameter Hg
(= H*/H2), where H, and H,, are anisotropic and exchange
fields, respectively. For H < Hg, one obtains a correlated
spin glass phase with a high magnetic susceptibility for low
fields. When Hs < H < H, a ferromagnet with a wandering
axis (FMWA) results from a rough alignment of the spins
in the presence of a weak magnetic field. The tipping an-
gle of the magnetization vector, with respect to the applied
magnetic field, changes throughout the system due to the non-
collinear magnetic structure. In this regime, the magnetization
approaches saturation as

MH) =M,|1 ! H, : 1
(H) =M, _E(H+HC> , (D

where M; is saturation magnetization, and H, is the field
due to the coherent portion of the anisotropy. In the third
regime, where H > Hg, the correlation length of the spins
reduces as the field strength increases, whereas the tipping
angle is completely uncorrelated among sites. Except for a
slight tipping angle (less than in the case of FMWA) brought
on by random anisotropy, all spins in this regime are almost
aligned with the field. In such cases, isothermal magnetization
gradually approaches saturation as

MH) =M,| 1 ! H, ’ 2
()— s _B(m> . ()

We have fitted our data using Eq. (1) with an additional
paramagnetic contribution, yH [50], to the M(H) curve at
5 K of x = 0.25, as shown by the solid line in Fig. 10. It
shows a satisfactory fit for a wide range of applied fields
from 0.4 to 5 T. The value of H derived after the fitting
ranges from 0.303 T for x = 0.05 to 0.021 T for x = 0.30,
which is lower than the maximum applied field, following
the condition for the system to fall in the second regime. In
contrast, Eq. (2) does not yield a good fit to the data [see the
dashed line in Fig. 10(a)], and the value of H derived after the
fitting is much higher than the maximum applied field despite
using the prefactor equal to 1 instead of 1/15 [48]. Thus, the
magnetic properties confirm that the low-7" magnetic ground

Magnetization (emu/gm)

H(T)

FIG. 10. Fitting of M(H) curve at T = 5 K with random
anisotropy model for (a) x = 0.25 and (b) for all compositions. The
solid line shows the fitting with Eq. (1), and the dashed line shows
the fitting to Eq. (2). See the text for more details.

state can be well described by the random anisotropy model,
with a ferromagneticlike ordering present below T¢, partic-
ularly for x > 0.25. Although the M(H) curve at T = 5 K
does not saturate even under an applied magnetic field of
5 T, the experimental magnetization (My) reaches its maxi-
mum theoretical value (Msp) predicted by the Slater-Pauling
rule. Achieving Mgp would require complete ferromagnetic
ordering, which is inconsistent with the wandering axis ferro-
magnet scenario. Additionally, while the primary contribution
arises from the intrinsic magnetic structure, the possible influ-
ence of high-temperature superparamagnetic clusters on the
low-temperature M (H ) curve cannot be entirely ruled out.
Random anisotropy in cubic systems can occur from sub-
stitutional impurities and disorder [51]. In Ref. [50], Gehring
et al. proposed that the random anisotropy in cubic polycrys-
talline Dy,_ Y Al, could originate from lowering of local
lattice symmetry, driven by lattice mismatch, difference in
charge screening, and spin-orbit interactions [50]. In certain
cubic Heusler systems, such random anisotropy is found to
influence their low-temperature magnetic properties [47]. To
unravel the reason that the random anisotropy in our cubic
Fe,Ti;_,Mn,Sn originates from local lattice distortion, we
undertake measurement of the high-resolution synchrotron-
based EXAFS spectra at Fe and Ti K-edges for x = 0.25. The
EXAFS data is extracted in the reciprocal space, x(k), and
Fourier transformed to real space, x (R), where the magnitude
and real part of x(R) reflect the radial distribution function
around the absorbing atoms. The local structural refinement
is carried out by varying the atomic distances and thermal
mean square factor (¢2) until a good fit is obtained in the
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FIG. 11. Magnitude (hollow spheres) and real component (solid
spheres) of Fourier-transformed (a) Fe and (b) Ti K edge EXAFS
spectra at 6 K for x = 0.25. See the text for details.

range of 1.8-3.0 A in the R space and 3 to 14 A~! in k space.
Based on the information extracted from the XRD profile
of the cubic L2; structure and lattice constant of 6.059 A,
the local atomic arrangement around the Fe atom has four
Ti and four Sn atoms at an equal distance of ~2.623 A,
and six Fe atoms at ~3.029 A. Similarly, for the Ti atom,
there are eight Fe atoms at ~2.623 A and six Sn atoms at
~3.029 A. Given its cubic symmetry, all these bond distances
can be represented as a multiple of the lattice constant and,
in principle, only varying the lattice constant should give a
good fit. However, this model does not fit the experimental
data satisfactorily (see Fig. S5(b) in the Supplemental Mate-
rial [29]), whereas a better fit is achieved by independently
varying the individual bond distances, as shown in Fig. 11,
and the obtained fitting parameters are listed in Table III. The

TABLE III. The coordination number (CN), bond distance (R),
and thermal mean square variation (o2) from the EXAFS data fitting
for x = 0.25. R. represents the expected bond distance calculated
from the experimental lattice constant.

Bond type CN Rt R(A) o2(A?)
Ti K-edge
Ti-Fe 8 2.623 2.613(5) 0.00376(38)
Ti-Sn 6 3.029 3.023(9) 0.00543(76)
Fe K-edge
Fe-Sn 4 2.623 2.621(1) 0.00307(15)
Fe-Ti/Mn 4 2.623 2.596(3) 0.00568(45)
Fe-Fe 6 3.029 3.008(4) 0.00767(43)

notable aspect is the Fe—Ti bond distance discrepancy when
viewed separately from the Fe and Ti edges. From the Ti edge,
the Ti—Fe bond distance comes out to be ~2.613 10\, consistent
with the value derived from the lattice constant, whereas the
same bond distance, when viewed from the Fe edge, yields
a value of 2.596 A. Furthermore, the Fe-Sn bond distance
observed from the Fe edge is 2.621 A, which aligns well with
the lattice constant. This observation contradicts the expec-
tations of the cubic symmetry, where Fe-Ti and Fe—Sn bond
distances should be equidistant from the Fe atom. This dis-
crepancy in the Fe—Ti correlation comes from the fact that Mn
replaces some Ti atoms in Fe,Ti;_,Mn,Sn compositions, and
the bond distance involving the Ti site represents an average
distance of Fe—Ti and Fe—Mn. This further indicates that in the
Fe—(Ti/Mn) correlation, where Mn occupies the vacant Ti
sites, the local lattice environment is distorted, leading to vari-
ations in the bond distance. These observations confirm that
the lowering of local symmetry causes the random anisotropy
in Fe, Ti;—,Mn,Sn compositions.

Thus, the analysis of ab initio DOS calculation, resis-
tivity, and magnetic data suggests that Mn substitution in
Fe, TiSn introduces localized moments. These local moments
exhibit strong coupling with the conduction electron, which
screens the interaction between two Mn atoms. As a result
of this screening, the strength of the magnetic interaction
decreases with increasing Mn-Mn distance, and typical fer-
romagnetic order is absent in Fe,;Ti;_,Mn,Sn. To verify this,
we have calculated the distance-dependent magnetic exchange
interaction (Jvn—mn) between two Mn atoms. Estimating
distance-dependent Mn-Mn magnetic interaction with smaller
unit cells (considered for 25% substitution) is difficult. This
is because, at large Mn-Mn separation in a small unit cell,
contributions from the periodic images of Mn atoms at rela-
tively shorter distances will start contributing to the magnetic
energy. To avoid this problem, one has to consider a large
supercell. We consider a 2x2x2 supercell and replace two
Ti atoms with Mn atoms. The distance-dependent Mn-Mn
magnetic interaction (Jyn—mn = Eapm-Erm) is then estimated
as explained in the Experimental and Computational Details
section. Here, we take advantage of the fact that the magnetic
moments on Fe and Ti atoms are negligibly small, and hence,
their insignificant direct contributions to Jy,—mn can safely be
ignored. The plot of separation dependent Jy,—my 1S shown in
Fig. 12. One can observe that the effective Mn-Mn interaction
is ferromagnetic, consistent with the experimental findings.
This ferromagnetic interaction exponentially decreases with
the Mn-Mn separation and becomes negligible at the separa-
tion of 8.51 A.

It is important to emphasize that low-temperature resis-
tivity and isothermal magnetization measurements reveal the
coexistence of two seemingly contrasting phenomena: the
Kondo effect and ferromagnetic order. Although these behav-
iors may appear mutually exclusive, several prior studies have
reported their coexistence in correlated electron systems, par-
ticularly in certain heavy-fermion materials [4,5,52-54]. To
further probe this interplay in our system, we have measured
the specific heat of x = 0.25 at H = 0 T, as shown in Fig. 13(a).
Above the magnetic transition temperature, the specific heat
data can be described by the standard formula C(T) =y
T + ﬂT3, where the first and second terms represent the

235146-9



KULBHUSHAN MISHRA et al.

PHYSICAL REVIEW B 111, 235146 (2025)

0.08
I:|\
0.061
= 0.04 0
z N
= |
0.02}
0.00 e 0
1 L 1 L 1 L 1 L 1 L
4 5 6 7 8 9

Mn-Mn seperation (A)

FIG. 12. Mn-Mn magnetic interaction at various separations in
the unit cell of x = 0.25. For details, refer to the Experimental and
Computational Details section.

electronic and lattice contributions to the C(T). The linear
fit of the C/T vs T? plot, as shown by the straight lines in
Fig. 13(b), yields a moderately enhanced value of the Som-
merfeld constant, y = 54.87 4 0.45 mJ/mol-K2. Notably, y
for x = 0.25 is more than twice the value reported for pristine
Fe,TiSn [16]. The y values ranging from a few mJ/mol-K>
to 2500 mJ/mol-K? are not uncommon in Kondo systems
[55,56]. An estimate of the Debye temperature (6p) is ob-
tained from the B using the relation 8 = 127*nR/56p, where
n and R represent the number of atoms in the formula unit
and universal gas constant, respectively. The value of the
6p obtained here is ~359.3 &+ 1.2 K. Specific heat measure-

120

x=0.25

T
—~
©
=

100
80
60

C (J/mol-K)

40

20 —e— Data

0

PR I R N S BN SO NS |
50 100 150 200 250 300

T (K)

S

240
210
180

150

C/T (mJ/mol-K?)

120

Linear fit

0200 400 600 800 1000
T’ (K%
FIG. 13. (a) The temperature variation of specific heat of
x = 0.25 at an applied field of 0 T, and (b) the specific-heat data in

the form C/T versus T2, along with the linear fit to the experimental
data from high temperature to magnetic transition temperature (7¢).

Temperature (K)

FIG. 14. (a) x-T phase diagram representing the change in the
magnetic state of Fe,Ti;_,Mn,Sn with temperature. (b) and (c) rep-
resents the schematic diagram of the magnetic state as a function of
temperature in regions I and II, respectively. The local Mn moments
(red arrow) align at an angle with the direction of the applied mag-
netic field.

ments have been presented for the x = 0.25 composition, as
it uniquely exhibits both Kondo-like electrical transport and
magnetic ordering, making it the most representative sam-
ple for capturing the system’s complex correlated behavior.
Expanding this study to include a systematic, composition-
dependent investigation of the Sommerfeld coefficient across
the entire series would provide valuable insight into the evo-
lution of effective mass and electronic correlations in this
system. While such a detailed investigation lies beyond the
scope of the present study, it represents a promising direction
that can be pursued independently in future investigations of
this correlated electron system.

Hence, according to the results of magnetic measurements,
the magnetic state of Fe,Ti;_,Mn,Sn changes with temper-
ature as marked in the x-T phase diagram, as shown in
Fig. 14(a). Fe,Ti;_yMn,Sn is in a typical PM state when
the temperature is higher than 7. As temperature decreases,
ferromagnetic correlation appears due to the formation of
magnetic clusters. In the case of x < x, (region I), clusters
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continue to evolve with falling temperatures and lead to a
superparamagnetic ground state, and no long-range magnetic
order is observed in this region. The simplified schematic
diagram of the magnetic state as a function of temperature
is presented in Figs. 14(b) and 14(c). Substituting higher Mn
content (x > x.) in place of Ti in Fe,Ti;_,Mn,Sn significantly
alters this magnetic behavior. The strong local moments of
Mn suppress the influence of high-temperature FM clusters
on the low-temperature magnetic ground state and result in
an unconventional ferromagnetic ordering driven by random
anisotropy, known as the ferromagnet with wandering axis
state, as represented as region II in the phase diagram. This
transition from a superparamagnetic state in Fe,TiSn to a
weak random anisotropy-driven state with Mn substitution
underscores the significant impact of Mn substitution on the
magnetic properties of Heusler alloys. Furthermore, as con-
firmed from electrical resistivity and magnetic measurements
and further supported through our DFT calculations, Mn
substitution induces half-metallicity in the Fe,Ti;_,Mn,Sn,
enhancing its potential for spintronic applications.

IV. CONCLUSION

This study investigated structural, magnetic, and transport
properties of Mn-substituted Fe,TiSn through room tem-
perature XRD, temperature- and field-dependent magnetiza-
tion, and magnetotransport measurements. Room temperature
XRD patterns confirm the single-phase formation of all the
compositions with ordered L2; structure. The temperature
variation of electrical resistivity Fe,Ti;_,Mn,Sn shows an
overall increase in the magnitude with increasing Mn content.
For x > 0.25, p(T) shows a negative temperature coeffi-
cient of resistance, followed by an upturn at 7 < 20 K due
to Kondo-like scattering and EEI. High-temperature electri-
cal transport measurements, combined with the density of
states calculation, indicate the possible formation of spin-
polarized electronic structures and suggest half-metallicity

in Mn-substituted Fe, TiSn. Magnetization measurements dis-
play features indicative of weak anisotropy in the system,
and low-temperature M (H) behavior aligns with the random
anisotropy model, suggesting that a ferromagnet with a wan-
dering axis can be an apt description of the magnetic ground
state of the Fe,Ti;_,Mn,Sn compositions. The local lattice
distortion in the prepared compositions leads to weak random
anisotropy, affecting the overall magnetic properties.
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