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The pursuit of efficient spin polarization in quaternary Heusler alloys with the general formula XX ′Y Z
(where X , X ′, and Y are transition metals and Z is a p-block element) has been a subject of significant
scientific interest. While previous studies showed that isoelectronic substitution of a 4d element in place of a 3d
element in quaternary Heusler alloys improves the half-metallic ferromagnetic characteristics, our research on
the quaternary Heusler alloy NiRuMnSn reveals a strikingly different scenario. In this study, we present a detailed
structural analysis of the material using x-ray absorption fine structure and neutron diffraction techniques which
confirms the formation of a single-phase compound with 50:50 site disorder between Ni and Ru atoms at 4c and
4d sites. Contrary to expectations, our density functional theory calculations suggest a considerable decrease in
spin polarization even in the ordered structure. Additionally, we report on the compound’s exceptional behavior,
displaying a rare reentrant spin-glass property below ∼60 K, a unique and intriguing feature for quaternary
Heusler-type compounds.

DOI: 10.1103/PhysRevB.108.054405

I. INTRODUCTION

The extended family of so-called Heusler alloys continues
to attract considerable attention from the condensed matter
physics and materials science communities due to the plethora
of tailorable properties that are both fundamentally interest-
ing and potentially functional. Well-known examples include
half-metallic ferromagnetism (HMF) [1], ferromagnetic shape
memory effects [2], the formation of magnetic skyrmions
[3], topological phenomena and Weyl semimetallicity [4],
unusual thermoelectricity [5,6], and the giant magnetocaloric
effect [7]. Generally, Heusler phases are classified as either
full Heusler, commonly represented by the idealized X2Y Z
stoichiometries, where X and Y are transition elements and
Z is a main-group element, or half Heusler, often denoted as
XY Z compounds [8]. Structurally ordered full Heusler alloys
crystallize with the L21-type structure (space group: Fm3̄m,
No. 225) that consists of four interpenetrating fcc lattices. For
the case of half Heusler alloys, one of the fcc lattice sites
remains vacant, and it crystalizes in the Y type of crystal
structure (space group: F 4̄3m, No. 216) [8]. A rather simple
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cubic crystal structure makes them an ideal model system for
basic research focused on the fundamental understanding of
d-band magnetism [9–12]. Apart from this, the half-metallic
properties of many Heusler alloys are useful in the field of
spintronics [13], which makes use of high spin polarization
due to the unique band structures of HMF Heusler alloys, in
which one spin channel is metallic and the other spin channel
is semiconducting in nature [14].

It is generally found that the degree of spin polarization in
HMF systems is very sensitive to structural disorder [15–18].
As materials that belong to the Heusler family often include
elements from the same period of the periodic table (e.g., 3d
elements), they crystallize in disordered structures, making it
challenging to synthesize Heusler phases with negligible site
disorder. In order to tune the Fermi energy EF in the middle of
the gap, which makes the HMF property more robust against
external perturbation, partial substitutions at the Y site in full
Heusler systems are often found to be effective. However,
such substitution often results in considerable structural dis-
order, which, in turn, reduces spin polarization [19]. On the
other hand, replacing half of the X atoms by another transition
element, X ′, is possible, leading to quaternary Heusler alloys
(XX ′Y Z) [20]. The latter crystalize in the Y -type (LiMgPdSn-
type) structure (space group: F 4̄3m, No. 216), in which each
of the four interpenetrating lattices is occupied by four dif-
ferent elements [19], which is achieved by splitting the 8c
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site in Fm3̄m into the 4c and 4d sites in F 4̄3m. Research
on quaternary Heusler alloy systems has mainly focused on
3d-based transition elements [21–27], whereas only a handful
of 4d-based (Ru, Rh) Heusler alloys have been reported in
the literature [28,29]. The 4d-based Heusler alloys are known
to form with negligibly small structural disorder, and thus,
they show enhanced magnetic ordering temperatures without
altering the basic nature of the magnetic characteristics of
their 3d-based counterparts [29]. For example, CoFeMnGe
crystallizes in the D03-type disordered structure (3d elements
are statistically distributed among three different sites) due to
the presence of elements of nearly equal size [30]. However,
when Fe is replaced by Rh, the compound CoRhMnGe crys-
tallizes in the Y -type ordered structure [28].

NiFeMnSn is a 3d-based quaternary Heusler phase that
exhibits a moderately high Curie temperature, TC ∼ 405 K,
which is theoretically claimed to possess a moderately high
spin polarization of ∼70% in the ordered structure [17,18].
However, due to the presence of inherent structural disorder
in the experimentally synthesized compound, the half metal-
licity is considerably diminished, and the compound becomes
metallic. An isoelectronic substitution of the 4d element Ru
in place of the 3d element Fe is expected to enhance the spin
polarization through improved structural ordering. Through
our detailed experimental and theoretical investigation, we,
however, find that despite achieving a much improved atomic
periodicity in NiRuMnSn, spin polarization actually deterio-
rates, which we have assigned to the much weaker magnetic
character of Ru compared to Fe. This nonmagnetic (or weakly
magnetic) character of Ru also results in the appearance of
weakly reentrant spin-glass behavior, which is very rare in the
equiatomic quaternary Heusler alloy family.

II. METHODS

A. Experiment

The polycrystalline NiRuMnSn was prepared by arc
melting a stoichiometric mixture of high-purity (>99.99%)
constituent elements in a flowing argon environment. To
compensate for the losses due to the vaporization of Mn,
the element was weighed with 2 wt % excess. To improve
homogeneity, the alloy was remelted five times; the button
was flipped after each melt. The x-ray diffraction (XRD)
analysis of the powdered sample at room temperature was
performed with Cu Kα radiation using a rotating anode
TTRAX-III diffractometer (Rigaku Corp., Japan). The sam-
ple’s phase purity and crystal structure were determined by
performing Rietveld refinement using the FULLPROF software
package [31]. Dc magnetization measurements were carried
out in a commercial superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, United
States) at temperatures of 5–380 K under applied magnetic
fields of −70 � H � 70 kOe. Ac magnetic susceptibility
measurements were performed in an MPMS XL-7 SQUID
magnetometer (Quantum Design). Electrical resistivity was
measured with a four-probe technique using a physical prop-
erty measurement system (Quantum Design). The extended
x-ray absorption fine structure (EXAFS) measurements were
performed at the BL-9 beamline at the Indus-2 Synchrotron

Source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for
Advanced Technology, Indore, India [32,33]. For the studied
compound, EXAFS measurements were performed on the Ni,
Ru, and Mn K edges in the energy range of 4–25 keV.

The collimating meridional cylindrical mirror is covered
with Rh/Pt, and the collimated beam reflected by the mirror is
monochromatized by a Si(111) (2d = 6.2709 Å) based double
crystal monochromator (DCM). The second DCM is a sagittal
cylinder that is utilized for horizontal focusing, and a Rh/Pt-
coated bendable post mirror facing down is used for vertical
focusing at the sample position. Detuning the second crystal
of the DCM is used to reject the higher harmonic content in
the x-ray beam. EXAFS measurements in both transmission
and fluorescence modes are possible in this beamline. For
this case, the measurements were done in the fluorescence
mode, with the sample at 45◦ to the incident x-ray beam and a
fluorescence detector at right angles to the incident x-ray beam
to capture the signal. The incident flux I0 is measured by one
ionization chamber detector, and the fluorescence intensity I f

is measured by a florescence detector. The spectra were ac-
quired as a function of energy by scanning the monochromator
across the prescribed range, and the absorption coefficient μ

was obtained using the relation l f = I0e−μx, where x is the
thickness of the absorber. Oscillations in the absorption spec-
tra [μ(E ) vs E ] have been translated to the EXAFS function
χ (E ) defined as [34]

χ (E ) = μ(E ) − μ0(E )

�μ0(E0)
, (1)

where E0 is the absorption edge energy, μ0(E0) is the
bare atom background, and �μ0(E0) is the absorption
edge step in the μ(E ) value. χ (E ) has been transformed to the
wave number dependent absorption coefficient χ (k) using the
relation

k =
√

2m(E − E0)

h̄2 , (2)

where m is the electron mass, χ (k) is weighted by k2 to
amplify the oscillation at high k, and the χ (k)k2 functions are
Fourier converted in R space to obtain the χ (R) vs R graphs
in terms of distance in real space (phase uncorrected) from
the center of the absorbing atom. For EXAFS data analysis,
a suite of EXAFS data analysis programs included in the
DEMETER software package [35] was employed. This includes
background reduction and Fourier transform to derive the
χ (R) vs R plots from absorption spectra (using the ATHENA

code), the generation of theoretical EXAFS spectra based
on an assumed crystallographic structure, and, finally, fitting
experimental data to theoretical spectra using the ARTEMIS

code. Powder neutron diffraction data were recorded on the
PD2 powder neutron diffractometer (λ = 1.2443 Å) at the
Dhruva reactor, Bhabha Atomic Research Centre, Mumbai,
India. Neutron depolarization measurements were performed
on the polarized neutron spectrometer at the Dhruva reactor.

B. Computational

The structural stability and ground-state properties of the
system are theoretically investigated using the density func-
tional theory (DFT). DFT calculations were conducted using
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the projector augmented wave method [36] implemented in
the Vienna Ab initio Simulation Package (VASP) [37,38]. The
exchange correlation was described by the generalized gradi-
ent approximation modified by Perdew, Burke, and Ernzerhof
[39]. Energy bands up to a cutoff energy, Ecutoff = 600 eV,
were included in all calculations. After volume and ionic (for
disordered compounds) relaxation steps were performed, the
tetrahedron method with Blöchl correction [40] was applied.
For all cases, the spin-polarization calculations were appro-
priately considered. In order to model disorder in NiRuMnSn,
unit cells based on the concept of special quasirandom struc-
ture (SQS) [41] were generated to model different possible
disorder schemes. To generate the SQS, the cluster expansion
formalism for multicomponent and multisublattice systems
[42] was used as implemented in the Monte Carlo code
(MCSQS) contained in the Alloy-Theoretic Automated Toolkit
(ATAT) [43,44]. Subsequent DFT calculations were performed
in order to test the quality of the SQS and to determine the
reliability of the DFT results. The rms error was used as an-
other quality criterion in addition to the calculations including
a different order of interactions. The rms error describes the
deviation of the correlation function of the SQS �k

SQS from
the correlation functions of considered clusters k for a given
random structure �k

md,

rms =
√∑

k

(
�k

SQS − �k
md

)2
. (3)

Several tests for the dependence of the cluster type and
nearest-neighbor numbers were done to generate the disor-
dered structure with Sn in 4a (0,0,0), Mn in 4b (0.5,0.5,0.5),
0.5Ru + 0.5Ni in 4c (0.25,0.25,0.25), and 0.5Ru + 0.5Ni
in 4d (0.75,0.75,0.75). Finally, 7 first-pair, 5 triplet, and 11
quadruplet interactions were considered to obtain reliable re-
sults. For the 4c/4d-disordered Y phase, a quaternary SQS
cell of 28 atoms was built.

III. RESULTS AND DISCUSSION

A. Structure optimization and electronic structure calculations

DFT calculations on NiRuMnSn using different atomic
arrangements within the LiMgPdSn-type structure were first

TABLE I. Calculated enthalpy of formation � f H for three differ-
ent ordered types and one disordered structural atomic arrangement
of NiRuMnSn.

4a 4b 4c 4d � f H (kJ/mol)

Type 1 Sn Mn Ni Ru −8.19
Type 2 Sn Ru Mn Ni 14.80
Type 3 Sn Ni Ru Mn 8.95
Disordered Sn Mn Ni:Ru Ni:Ru −11.14

performed to find the most stable configuration. In a qua-
ternary Heusler alloy XX ′Y Z , assuming Z element atoms
occupy the 4a (0,0,0) site, the three remaining elements, X ,
X ′, and Y , can be placed on 4b (0.5, 0.5, 0.5), 4c (0.25, 0.25,
0.25), and 4d (0.75, 0.75, 0.75) sites. Further, considering that
switching atoms between the 4c and 4d sites results in ener-
getically degenerate configurations, out of six total possible
ordered NiRuMnSn structures, only the three that are listed in
Table I and depicted in Fig. 1 are distinguishable.

The DFT-calculated enthalpies of formation presented in
Table I show that the ordered type-1 structure (with Ni and
Ru in the same planes) is more stable than type-2 and type-3
structures, which is consistent with site preferences in other
quaternary Heusler compounds, where the least electronega-
tive atoms occupy the 4b site. Figure 2 shows the calculated
density of states (DOS) of the energetically most favorable
type-1 ordered and disordered structures (discussed later).
We note that the DOS reveals no band gaps in either for
spin-up or spin-down states. Additionally, the calculated spin
polarization (44.6%) is moderate, and the calculated total
magnetic moment, 4.3 μB (Ni = 0.46 μB, Ru = 0.31 μB, and
Mn = 3.53 μB), is close to the value of 5 μB predicted by
the Slater-Pauling rule [45,46]. The electronic structures of
the compounds, whether they belong to ordered or disordered
crystal structures, are quite similar. The interaction of sp Sn
states with the other d elements causes the first bands to form
between −10 and −8 eV below the Fermi level. The major
structure is then dominated by a combination of Mn, Ni, and
Ru 3d and 4d bands starting at −6.5 eV. The Ni and Ru states
are almost filled, which accounts for the weak ferromagnetic
behavior of the material, although Mn still has some electronic

(a) Type 1 (b) Type 2 (c) Type 3 

FIG. 1. Unit cell representation of (a) type-1, (b) type-2, and (c) type-3 ordered structures as described in Table I. Sn, Mn, Ni, and Ru
atoms are represented by gray, magenta, green, and red balls, respectively.
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FIG. 2. Atom-resolved density of states for (a) the ordered struc-
ture and (b) the disordered structure.

holes. The Ni/Ru mixed structure displays a smoother varia-
tion of the DOS with fewer peaks of high density compared to
the ordered structure, which displays relatively flat bands and
therefore sparse and intense peaks in the DOS.

B. X-ray diffraction

Theory predicts (Table I) that the type-1 structure, in which
Sn occupies the 4a position, Mn occupies 4b, Ru occupies 4d ,
and Ni occupies 4c positions, has lower energy compared to
the other two types of ordered structures. In other words, the
most stable ordered structure should consist of Sn/Mn and
Ni/Ru layers. However, the Rietveld refinement of the powder
XRD pattern taken at room temperature does not support the
formation of the fully ordered type-1 structure because the
intensity of the (111) peak, as illustrated in the inset of Fig. 3,
cannot be described satisfactorily using the atomic positions
from Table I. Since intensities of both the (111) and (200)
Bragg peaks are most indicative of the presence of structural
disorder, the mismatch between the observed and calculated
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FIG. 3. Rietveld refinement of the powder XRD pattern of
NiRuMnSn (assuming disordered structure) measured at room tem-
perature. The inset highlights the Rietveld refinement results using
the (111) peak as an example when considering the ordered structure
(type 1).

intensities of the (111) peak suggests the presence of struc-
tural disorder in the type-1 arrangement of the crystal lattice
[19,25,47]. Out of the different types of disorder present in
Heusler alloys, the A2 (space group: Im3̄m, No. 229) and B2
(space group: Pm3̄m, No. 221) types are known to occur most
frequently. For the A2-type structure, both the (111) and (200)
peaks are absent, whereas only the (200) peak is present in the
B2-type [8,19,25]. In the A2-type structure, all the constituent
atoms (X , X ′, Y , and Z) randomly mix with each other, while
for the B2 type, the Y and Z and X and X ′ atoms randomly
mix with each other in the 4b and 4a and 4c and 4d sites,
respectively. The clear presence of the (111) peak and near
absence of the (200) Bragg peak therefore contradict both the
A2- and B2-type disorders in the title material.

A model in which Ni and Ru atoms mix with each other in
the 4c and 4d positions, on the other hand, leads to a satisfac-
tory fit of intensities of all Bragg peaks present in the powder
diffraction pattern (Fig. 3). This disorder between the Ni
and Ru atoms transforms the Y -type ordered structure (space
group: F 4̄3m, No. 216) into a variant of the L21-type (space
group: Fm3̄m) structure typical of ordered ternary Heusler
compounds. The disordered crystal structure is presented in
Fig. 4. Subsequently, we also checked the ground-state energy
for this disordered structure and found it has lower formation
enthalpy (−11.14 kJ/mol) compared to the ordered type-1
structure (see Table I), consistent with experimental results. A
similar type of disorder in Co and Ru atoms was previously re-
ported for CoRuMnSi [48]. The lattice parameter determined
by Rietveld refinement is a = 6.145(4) Å.

C. Extended x-ray absorption fine structure

Details of the crystal structure may be difficult to es-
tablish conclusively using x-ray powder diffraction alone,
particularly when two elements with similar atomic scattering
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FIG. 4. Atomic arrangement in the disordered crystal structure
of NiRuMnSn.

factors, in this case Mn and Ni, are present in the same lattice.
Other experiments, such as EXAFS and neutron diffraction
(ND) [17,49–51], are therefore highly beneficial for deter-
mining the exact atomic arrangements in the title system. In
contrast to XRD, EXAFS is an element-specific measurement
that focuses on the local atomic environment around the ab-
sorbing atoms. Therefore, to better understand the nature of
disorder, we performed the EXAFS measurements at the Ni,
Ru, and Mn K edges. Figure 5 shows the normalized EXAFS
[μ(E ) vs E ] spectra of NiRuMnSn at the Ni, Ru, and Mn K
edges.

Figure 6 shows the Fourier transformed EXAFS spectra
[χ (R) vs R] plots of the Ni, Ru, and Mn edges for NiRuMnSn.
Simultaneous fitting of various data sets with numerous edges
is the fitting approach used here [51]. The χ (R) vs R plots
measured at the Ni, Ru, and Mn edges are fitted simul-
taneously with common fitting parameters. The number of
independent parameters is reduced below the Nyquist require-
ments, and the statistical significance of the fitted model is
improved. The goodness of the fit determined by the value of
Rfactor is described by

Rfactor = {Im[χdat (ri )−χth(ri )]}2 + {Re[χdat (ri)−χth(ri )]}2

{Im[χdat (ri )]}2 + {Re[χdat (ri)]}2
,

(4)

where χdat and χth are the experimental and theoretical χ (R)
values and Im and Re are the imaginary and real compo-
nents of the related quantities, respectively. For theoretical
simulation of the EXAFS spectra of NiRuMnSn, the struc-
tural parameters were obtained from the XRD results. Bond
distances R, coordination numbers N , and disorder (Debye-
Waller) factors σ 2, which give the mean-square variations in
the distances, were employed as fitting parameters during the
fitting process. The fitting was done up to 2.8 Å for Ni- and
Ru-edge data and up to 3.8 Å for Mn-edge data.

The EXAFS fitted results are summarized in Table II. In
the Fourier transformed EXAFS spectrum of the Ni K edge
[Fig. 6(a)], the main peak near 2 Å has contributions from
the Ni-Mn (2.63 Å) and Ni-Sn (2.63 Å) paths. The small

FIG. 5. Normalized EXAFS spectra of NiRuMnSn taken at
(a) the Ni edge, (b) the Ru edge, and (c) the Mn edge. The insets
show the EXAFS signal χ (k), weighted by k2, plotted as a function
of k.

peak around 2.5 Å in the Ni-edge spectrum includes contri-
butions from the Ni-Ni (3.00 Å) and Ni-Ru (3.00 Å) paths.
For the case of the Ru K edge, of two main peaks observed
in the Fourier transformed (FT) EXAFS spectrum [Fig. 6(b)],
the first peak near 2 Å has contributions from the Ru-Mn
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FIG. 6. Fourier transformed EXAFS spectra of NiRuMnSn taken
at (a) the Ni edge, (b) the Ru edge, and (c) the Mn edge (red points)
and the theoretical fit (solid blue lines).

(2.57 Å) and Ru-Sn (2.57 Å) paths, whereas the second peak
observed at 2.5 Å has contributions from the Ru-Ni (3.00 Å)
and Ru-Ru (3.00 Å) paths. In a similar way, for the case of
Mn K edge, the first major peak near 2 Å in the FT-EXAFS

spectrum [Fig. 6(c)] has contributions from the Mn-Ni
(2.62 Å) and Mn-Ru (2.60Å) paths. The second peak in the
Mn FT-EXAFS spectrum near 2.8 Å has contributions from
the Mn-Sn (3.06 Å) and Mn-Mn (4.32 Å) paths. Earlier x-ray
diffraction results suggested a 50:50 swap disorder between
the Ni and Ru atoms. It is worth mentioning here that si-
multaneous fitting of all the edges (Ni, Ru, and Mn) in the
EXAFS data would be possible only assuming disordered
structure. It should be noted that, generally, we do not vary
the coordination number or number of neighbors N during the
EXAFS fitting, and hence, no error bars have been attributed
to these values in Table II. However, the x-ray diffraction
results for the sample indicate the presence of swap disorder
between Ni and Ru atoms. Hence, we have considered a
relative Ni/Ru atomic weightage factor in the case of Ni-Ni
and Ni-Ru coordination shells for Ni-edge data, Ru-Ni and
Ru-Ru coordination shells in the case of Ru-edge data, and
Mn-Ni and Mn-Ru coordination shells in the case of Mn-edge
data. These atomic weightage factors were varied during fit-
ting of the EXAFS data of the respective edges, and the final
coordination numbers obtained for these coordination shells
are given in Table II. Our EXAFS analysis thus obtained is
found to be quite consistent with x-ray diffraction (Sec. III B)
and DFT calculations results (Table I).

D. Magnetic properties
Figure 7 represents the magnetization M vs temperature

T of NiRuMnSn measured during zero-field-cooled (ZFC)
heating and field-cooled (FC) cooling in a 100 Oe magnetic
field. The compound undergoes broad ferromagnetic ←→
paramagnetic transition at the Curie temperature TC centered
near 214 K as determined from the minima of d (M/H )/dT .
ZFC and FC data bifurcate below TC, and the ZFC curve
shows a peak at TP around 60 K, below which magnetization
begins to decrease with decreasing temperature. In the case of
the FC measurement, magnetization below TP is substantially
enhanced compared to ZFC data, and the peak becomes nearly
indistinguishable. TP shifts towards lower temperatures with
the application of higher magnetic fields, as shown in the inset
of Fig. 7. This type of behavior is frequently observed in cases
of antiferromagnetic (AFM) or spin-glass-type states at low
temperatures [12,52–54]. Based upon on the magnetization
data, three possible scenario can be envisaged: (i) Spin reori-
entation or canting of the existing ferromagnetic arrangement
occurs. (ii) Because of structural disorder, only a fraction
of the phase orders ferromagnetically at TC ∼ 214 K, while
the rest exhibits the magnetic transition at TP. (iii) Magnetic
inhomogeneity develops within a ferromagnetically ordered
phase, where multiple magnetic phases coexist below TP. Ad-
ditionally, a downward bending of the (H/M) curve above
TC is clearly observed. This behavior suggests the presence
of short-range order above TC; that is, the material consists
of regions or domains with enhanced magnetic susceptibility.
These regions are likely to interact with each other, leading
to the observed downward bending in inverse magnetic sus-
ceptibility above TC. The positive value of θCW (∼219 K),
which is close to TC (∼214 K), indicates the dominating
nature of ferromagnetic (FM) interactions in our sample.
As the magnetic susceptibility alone cannot distinguish be-
tween the above three possibilities, we carried out isothermal
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TABLE II. Bond length R, coordination number N , and Debye-Waller or disorder factor σ 2 obtained by EXAFS fitting for NiRuMnSn at
the Ni, Ru, and Mn edges.

Ni edge Ru edge Mn edge

Path R (Å) N σ 2 Path R (Å) N σ 2 Path R (Å) N σ 2

Ni-Mn 2.63±0.01 4 0.0106 ±0.0017 Ru-Mn 2.57±0.01 4 0.0210±0.0048 Mn-Ni 2.62±0.03 5.4 0.0161±0.0041
Ni-Sn 2.63±0.01 4 0.0093±0.0014 Ru-Sn 2.57±0.01 4 0.0095±0.0030 Mn-Ru 2.60±0.03 2.6 0.0057±0.0030
Ni-Ni 3.00±0.03 1.7 0.0168±0.0048 Ru-Ni 3.00±0.03 3.5 0.0069±0.0011 Mn-Sn 3.06±0.02 6 0.0115±0.0020
Ni-Ru 3.00±0.03 4.3 0.0135±0.0048 Ru-Ru 3.00±0.03 2.5 0.0018±0.0007 Mn-Mn 4.32±0.05 12 0.0282±0.0081

magnetization, neutron diffraction, neutron depolarization,
and ac susceptibility measurements for clarity.

Figure 8(a) illustrates the isothermal magnetization M(H )
of the title material measured at 3 K after zero-field cooling.
Despite a ferromagnetic like character, M(H ) remains far
from saturation even at 70 kOe, apparently being a superpo-
sition of (dominant) soft ferromagnetic and (weaker) linear
contributions, indicating the presence of an AFM or paramag-
netic phase in addition to the FM phase [Fig. 8(a)]. Moreover,
the magnetic moment under application of 70 kOe at 3 K is
found to be of 2.17 μB/f.u., which appears to be consider-
ably smaller in comparison to the value of 5μB/f.u. expected
from the Slater-Pauling (SP) rule [45,46]. The spontaneous
magnetization, which is defined as the net magnetization
of the system in the absence of external magnetic field, is
estimated from the linear extrapolation of saturation magne-
tization to H = 0 Oe and found to be 1.77 μB/f.u. [inset of
Fig. 8(a)]. The Curie-Weiss fit of the H/M versus T data
measured at a 100 Oe magnetic field in the temperature
regime of 320–380 K yields an effective paramagnetic mo-
ment of 3.93 μB/f.u., which is, coincidentally, close to the
value predicted by the DFT calculation (4.3 μB, Sec. III A).
It should be noted that the magnetic moment obtained from
neutron diffraction study (1.69 μB/f.u., Sec. III E) agrees

FIG. 7. Temperature dependence of the magnetization of
NiRuMnSn measured under a 100 Oe applied magnetic field under
ZFC and FC configurations. Inset I shows ZFC magnetization at
different fields, demonstrating the shift of peak temperature TP with
the application of field, and inset II shows the H/M versus T plot for
different applied magnetic fields and the Curie-Weiss fit.

quite well with the spontaneous magnetization (1.77 μB/f.u.,
this section) at low temperature. Comparing NiRuMnSn and
NiFeMnSn, it is clear that the introduction of the 4d ele-
ment Ru dramatically alters the magnetic properties of the
purely 3d element based NiFeMnSn [17]. Thus, the Curie
temperature is reduced from 405 K in NiFeMnSn to 214 K
in NiRuMnSn, and the saturation magnetization at low tem-
peratures is suppressed from 4.18 μB/f.u. in NiFeMnSn to
2.17 μB/f.u. in NiRuMnSn. This is quite unusual because
in most of the known Heusler alloys (e.g., CoFeMnSi [23],
CoRhMnGe [28], CoFeMnGe [30], and CoRuMnSi [48]), the
substitutions of Fe with Ru or Rh do not affect the magnetism

FIG. 8. (a) Isothermal magnetization M(H ) of NiRuMnSn mea-
sured at 3 K. The inset shows linear fitting of the high field data.
(b) Single quadrant M(H ) taken at different temperatures; the inset
shows the temperature dependence of the scatter plot of the magne-
tization at 1 and 70 kOe.
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FIG. 9. Rietveld refinement of the neutron diffraction pattern of
NiRuMnSn taken at 1.5 and 300 K. The inset depicts the magnetic
structure of NiRuMnSn, where spins are developed on the Mn atom.

in such a drastic way, and importantly, compounds containing
Co in the X site closely obey the SP rule. Interestingly, a closer
investigation of the magnetic isotherms [Fig. 8(b)] reveals the
magnetization at low field values mimics the anomaly [inset
of Fig. 8(b)] observed in M/H versus T data (Fig. 7), whereas
the high field (70 kOe) value follows a mean-field-like behav-
ior, which is commonly observed for ferromagnetic systems.
For a purely ferromagnetic system, such an anomaly in the
low field region is not expected and thus suggests that the
contribution of the ferromagnetic phase gets weakened due
to the disturbance of the ferromagnetic spin structure by spin
canting or reorientation or the development of spin-/cluster-
glass behavior. Since neutron diffraction measurements can
detect the change in magnetic spin structure, we carried them
out at different temperatures in the range 1.5–300 K.

E. Neutron diffraction and neutron depolarization

Neutron diffraction measurement not only is helpful for un-
derstanding the magnetic structure but can also be utilized as
a tool complementary to XRD for detailed structural charac-
terization of a system, particularly when multiple atoms with
similar atomic numbers are involved. The scattering lengths
of Ni, Ru, Mn, and Sn are 1.030 × 10−12 , 0.7030 × 10−12,
−0.3730 × 10−12, and 0.6225 × 10−12 cm, respectively, mak-
ing it possible to confirm the site occupancies previously
postulated from the analysis of the x-ray diffraction data.
Figure 9 shows the Rietveld-refined neutron diffraction pat-
terns recorded at 300 and 1.5 K. The data at 300 K are fitted
in the Fm3̄m space group with atoms occupying the following
positions: Sn in 4a (0,0,0), Mn in 4b (0.5, 0.5, 0.5) with full
occupancy, and Ni/Ru in 4c (0.25, 0.25, 0.25) and 4d (0.75,
0.75, 0.75) with 50:50 occupancy. A fully random distribution
of Ni and Ru between 4c and 4d sites yields the best fit, in
agreement with the analysis of XRD and EXAFS data.

At 1.5 K, weak enhancements of the intensities of (111)
and (200) reflections are observed (Fig. 9). The absence of

additional reflections rules out the presence of long-range
AFM ordering. The enhanced intensities of the fundamen-
tal reflections at 1.5 K indicate a FM arrangement of the
magnetic moments, which was modeled assuming Mn is the
only magnetic species (consistent with DFT calculations in
Sec. III A) in F -1 space group. The refined total magnetic
moment of Mn at 1.5 K is 1.69 μB/f.u., which is consis-
tent, within error, with the 1.77 μB/f.u. spontaneous magnetic
moment estimated from the isothermal magnetization mea-
surements at 3 K [inset of Fig. 8(a)]. An analysis of ND data
could not detect any moment on the Ni site, suggesting the
Ni moment, if any, in this compound is below the limit of
resolution of the experiment. This is expected because the Ni
and Ru atoms at the 4c and 4d sites are randomly distributed,
which strongly hinders the possibility of long-range ordering
of the Ni spins. The absence of any change in magnetic
structure before and after TP excludes the possibility of any
spin canting/reorientation in the system. Thus, the anomaly in
the magnetic susceptibility at TP can be attributed to only the
development of a spin-/cluster-glass phase. Combining the
observation of lower magnetic moment in the low field region
for T < TP and the conservation of the ferromagnetic spin
structure at the lowest temperature suggested by the neutron
diffraction measurement, the reduction in M(T ) in both the
ZFC and FC configurations is likely due to the development
of a glassy phase at the partial expense of ferromagnetically
ordered spins.

A neutron depolarization experiment is a very effective
tool to study the growth and development of ferromagnetic
domains. Accordingly, we carried out the neutron depolar-
ization measurement in the temperature range of 2–300 K,
covering both TC and TP. In a neutron depolarization exper-
iment, the polarization vector of a polarized neutron beam is
examined after the beam passes through a magnetic medium.
As the magnetic inhomogeneities in the medium influence the
polarization vector during transmission, the mean magnetic
induction causes a net rotation of the polarization vector. In
the presence of spontaneous magnetization, the local magnetic
induction results in an effective rotation of the polarization
vector, which is known as depolarization. This characteristic
can be used to distinguish a purely ferromagnetic system from
any other kind of magnetic ordering. The frequency of spin
fluctuations in the paramagnetic state is too high for neutron
polarization to be affected, and no depolarization is observed
[55,56]. In a spin-glass system, as the spins are frozen ran-
domly, the random spatial fluctuations of the effective field
cannot influence the polarization vector either. Depolarization
is also not expected in AFM materials since net magnetization
is zero. In contrast, in ferromagnets, the neutron spins ex-
perience torque around the magnetization axes as they travel
through equally magnetized domains, resulting in the loss of
polarization [52,57,58]. Thus, by using a neutron depolariza-
tion experiment, one can estimate the mean orientation of
these fluctuations (magnetic texture), the mean magnetization,
and the magnetic correlation length along the neutron route.

For the present NiRuMnSn sample, neutron depolarization
is measured in the temperature range of 5–300 K in the pres-
ence of a magnetic field of 50 Oe in the ZFC mode (Fig. 10).
As the temperature is lowered from room temperature, the
polarization does not exhibit any significant changes in the
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FIG. 10. Temperature dependence of the transmitted neutron po-
larization under H = 50 Oe.

paramagnetic region. As one approaches and moves further
below the Curie temperature, the development and subsequent
gradual increase of the domain size is reflected in the decreas-
ing trend of the neutron beam polarization signal, as expected
in a ferromagnetic material. The polarization signal shows
a minimum at ∼60 K, below which the polarization signal
starts to grow again. The minimum in polarization around
60 K and increasing nature of polarization for T < 60 K can
be explained by the decrease in the coherence length of the
ferromagnetic interaction due to the decrease in the ferromag-
netic domain sizes. The size of the magnetic domains can be
estimated using the expression [56,57]

Pf = Piexp

[
−α

(
d

�

)
〈φδ〉2

]
, (5)

where Pi and Pf are the initial and final transmitted beam
polarizations, α is a dimensionless parameter equal to 1/3,
d is the sample thickness (which is 7 mm in the studied
sample), � is the domain size, and the precession angle φδ =
(4.63 × 10−10 G−1Å−2)λB�. The domain magnetization B is
obtained from the bulk magnetization. The domain size is thus
estimated to be 0.2 µm at 5 K. The change in depolarization
values below 60 K signifies the reduction in domain sizes,
i.e., the enhancement of the number of magnetic spins in the
domain boundaries by deviating from the domain magnetiza-
tion direction. To understand whether this reduction in domain
size causes any magnetic phase coexistence, we carried out ac
susceptibility measurements.

F. ac susceptibility

Figure 11 represents the temperature variations of the
real part of the ac susceptibility χ ′ performed under low ac
field of 5 Oe and different frequencies. χ ′(T ) data show a
well-rounded peak near 65 K and the frequency dependent
character of the peak of χ ′(T ) suggests the magnetic anomaly
is of spin-glass type. In order to determine the nature of the
spin-glass state, i.e., whether it is a canonical or cluster-glass

FIG. 11. Temperature dependence of χ ′(T ) of NiRuMnSn taken
at different frequencies. Inset (a) shows the variation of log10(τ ) with
log10(t ). Inset (b) represents the plot of Tf vs 1/ log10

ν0
ν

.

type, we carried out a detailed analysis of the nature of tem-
perature variation of the peak in χ ′(T ).

The relative shift in freezing temperature per decade of
frequency in a typical glassy system is commonly represented
as [59]

δTf = �Tf

Tf �(log10 ν)
, (6)

where Tf is the freezing temperature and ν is the frequency.
The value of δTf was found to be ∼0.001 for canonical spin
glasses [60], ∼0.01 for spin-cluster-glass compounds [12,61–
63], and ∼0.1 for numerous known superparamagnetic sys-
tems [61]. In the studied compound, δTf was found to be
0.008, which lies on the border of the canonical spin-glass
and cluster-glass regimes. δTf for a spin-glass state follows
the frequency dependence given by [59,64]

τ = τ0

(
Tf − TSG

TSG

)−zν ′

, (7)

where τ is the relaxation time associated with the measured
frequency (τ = 1/ν), τ0 is the single-flip relaxation time, TSG

is the spin-glass temperature for ν = 0, and zν ′ is the dynam-
ical critical exponent. The value of zν ′ typically lies between
4 and 12 for the spin-glass state. The value of τ0 for canonical
spin glasses lies in the region of 10−13–10−12 s, but for a
spin-cluster-glass system it lies mostly in the range of 10−11–
10−4 s. On the other hand, superparamagnetic states are
associated with larger values of τ0 [61,65]. For NiRuMnSn,
the value of zν ′ is found to be 5.1, which is in the range
expected for spin-glass state formation, while the estimated
τ0 ≈ 10−10 s also lies in the border range of canonical and
cluster-glass states.

Another dynamical scaling law, known as the empirical
Vogel-Fulcher relation, can be used to simulate spin dynamics
in glassy systems around the freezing temperature. The fre-
quency dependence of the freezing temperature can be stated
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as [59,66]

ν = ν0 exp

[
− Ea

kB(Tf − T0)

]
, (8)

where ν0 is known as the characteristic attempt frequency, T0

is called the Vogel-Fulcher temperature, and Ea is the activa-
tion energy. From the Tf vs 1/log10

ν0
ν

plot for NiRuMnSn, the
fitted values are found to be Ea/KB ≈ 59 K and T0 ≈ 48.7 K.
For canonical spin-glass states, the value of Ea

KBT0
generally

comes out to be close to 1, whereas for cluster-glass-type
system it assumes a relatively larger value. In the studied
compound, the value of Ea

KBT0
is estimated to be ∼1.21, which

is in the canonical spin-glass regime. Combining neutron po-
larization and ac susceptibility results, it can be said that the
domain boundary spin loses its FM nature below 60 K (as
discussed in Sec. III E) and is frozen in space, giving rise to
the spin-glass state. NiRuMnSn can be viewed as a reentrant
spin-glass system where the glassy state formed below the TC.

IV. CONCLUSION

We synthesized a 4d-based quaternary Heusler alloy
NiRuMnSn using an arc melting technique. The combined
studies utilizing XRD, EXAFS, and neutron diffraction re-
vealed that the compound crystallizes in a partially disordered
structure, where Ni and Ru statistically mix in the 4c and
4d Wyckoff positions. This experimental observation is also
supported by the theoretical estimation of lower formation
ground-state energy in the disordered structure, containing
mixed Ni and Ru atoms in same plane, over the fully ordered
one. The compound exhibits a ferromagnetic to paramagnetic
transition near 214 K, and the saturation moment at 3 K is
estimated to be 2.17 μB/f.u., which is much lower than the
expected Slater-Pauli value of 5 μB/f.u. Neutron diffraction
experiments further revealed that the magnetic moment is
carried by only the Mn atoms, in agreement with the DFT

calculations. Neutron depolarization along with ac suscep-
tibility results confirmed that the gradual growth of the
ferromagnetic domains with the lowering of temperature is
hindered below 60 K due to the development of a reentrant
spin-glass state. A discrepancy between the theoretically es-
timated moment and the experimentally observed value has
been argued to be due to the Ni/Ru site disorder along with
the development of a spin-glass phase at low temperature. It is
interesting to note that among about a thousand Heusler alloys
reported so far, only a handful have been reported to show
spin-glass behavior, and thus, NiRuMnSn is a very rare system
among the equiatomic quaternary Heusler alloys. Although
it is generally believed that isoelectronic substitution of a 3d
metal with a 4d element that has larger atomic radii is likely to
improve the structural order and enhance spin polarization in
Heusler alloys, our theoretical and experimental results prove
that while the structural order indeed improves in NiRuMnSn
(L21 type) in comparison to NiFeMnSn (D03 type), the non-
magnetic character of isoelectronic Ru (in comparison to Fe)
results in a much lower spin-polarization value even in or-
dered structures.
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