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Composite quantum materials are the ideal examples of multifunctional systems, which simultaneously host
more than one novel quantum phenomenon in physics. Here, we present a combined theoretical and experimental
study to demonstrate the presence of an extremely large exchange bias in the range 0.8–2.7 T and a fully
compensated magnetic state (FCF) in a special type of Pt and Ni-doped Mn3In cubic alloy. Here, oppositely
aligned uncompensated moments in two different atomic clusters sum up to zero, which are responsible for the
FCF state. Our density functional theory (DFT) calculations show the existence of several possible ferrimagnetic
configurations with the FCF as the energetically most stable one. The microscopic origin of the large exchange
bias can be interpreted in terms of the exchange interaction between the FCF background and the uncompensated
ferrimagnetic clusters stabilized due to its negligible energy difference with respect to the FCF phase. We utilize
pulsed magnetic field up to 60 T and 30 T static-field magnetization measurements to confirm the intrinsic
nature of exchange bias in our system. Finally, our Hall effect measurements demonstrate the importance of
uncompensated noncoplanar interfacial moments for the realization of large EB. The present finding of gigantic
exchange bias in a unique compensated ferrimagnetic system opens up a direction for the design of novel
quantum phenomena for the technological applications.
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I. INTRODUCTION

Coexistence of two or more complimentary quantum phe-
nomena in a single material often provides a fertile ground to
explore the fundamental correlation between these different
events in physics. Apart from basic science, such materials
displaying conjugation of different quantum properties, called
the composite quantum materials, can also open the door
for potential technological applications [1]. Large exchange
bias (EB) and fully compensated ferrimagnets (FCF) are two
distinct quantum phenomena, which can be connected via the
common prerequisite of a special type of exchange interac-
tion. EB, which is represented by an asymmetrical offset in
the magnetic hysteresis loop, is a measure of unidirectional
exchange anisotropy in an exchange coupled magnetic sys-
tem [2–6]. EB effect has been studied extensively due to its
utmost importance in the field of spintronics, e.g., setting up
pinning layer in the giant magnetoresistance (GMR) based de-
vices [7–10], beating the superparamagnetic limit in magnetic
nano-particle based ultrahigh-density recording media [11]
etc. The EB phenomenon has been studied ubiquitously in
the ferromagnetic(FM)-ferrimagnet(FiM) [12], FM-spin glass
(SG) [13], antiferromagnetic (AFM)-FiM [14], and AFM-SG
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[15] systems. Although various models have been proposed to
understand the origin of EB [16–19], an essential requirement
of most of the microscopic models is the presence of un-
compensated AFM moment at the interface. Hence, the AFM
layer plays a crucial role to induce the interface exchange
field (HE ) and causes the asymmetry in the hysteresis loop.
The HE , which is in general inversely proportional to the
magnetization (MFM) of the ferromagnet, can be controlled
by tuning MFM and the nature of interface.

Although EB effects have been studied in few systems,
the phenomenon is rarely observed in FCF materials. The
EB phenomenon can be integrated with the FCF to realize
a thorough control over the interfacial exchange interactions.
FCF are a unique class of materials where the properties
of both antiferromagnets (e.g., vanishing net moment) and
ferromagnets (e.g., large spin polarization) can be realized in
a single system. The magnetic moment at different inequiv-
alent sublattices adds up to give a vanishing net moment in
FCF [20–24]. The fully compensated magnetic state categor-
ically differs from the AFM one, as the latter possesses a
magnetic-inversion symmetry in contrast to the former. Some
of the unique properties and advantages of FCF materials are
(i) the presence of nearly zero magnetic moment, which cre-
ates no external stray fields; (ii) spin sensitivity without stray
magnetic fields, which allows them not to disturb the spin
character and makes them ideal for spin-polarized scanning
tunneling microscope tips and improved density of circuit
integration in a chip; (iii) the low shape anisotropy, which
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helps in applications in spin injection, etc. In the present
paper, we have considered a special type of FCF system
Mn3In, where the magnetic compensation is achieved by
AFM alignment of two atomic clusters (as opposed to in-
dividual atomic moment in conventional AFM) in a single
unit cell. The presence of a long-range FiM/AFM ordering
with Neel temperature TN ∼ 75 K has been reported earlier
[25,26]. We take advantage of the complex/unique atomic
arrangement and the presence of intra-unitcell clusters to tune
the EB in the system. Our assessment is based on the fact
that the magnitude of antisite disorder can be readily modified
by the substitution of nonmagnetic/magnetic atoms, thereby
tailoring the long-range magnetic order to formulate an inho-
mogeneous magnetic ground state. Interestingly, doping with
nonmagnetic heavy metals with strong spin-orbit coupling
gives us the luxury to play with local crystalline symmetry to
induce Dzyaloshinskii-Moriya interaction (DMI). We propose
a material platform (Pt- and Ni-doped cubic Mn3In alloys)
that can simultaneously host the existence of large EB and
FCF behavior.

II. METHODS

Density functional theory (DFT) [27] calculation was car-
ried out using Viennna ab initio simulation package (VASP)
[28–30] with a projected augmented wave basis [31] and
the generalized gradient approximated (GGA) exchange-
correlation functional of Perdew-Burke-Ernzerhof (PBE)
[32]. A plane-wave energy cutoff of 400 eV was used. The
Brillouin zone integration was done using a 6 × 6 × 6 �-
centered k-mesh. Polycrystalline ingots of Mn3−xPtxIn for
x = 0.1, 0.2, and 0.3, and Mn3−yNiyIn with y = 0.1 and 0.2
were prepared by arc-melting technique. The appropriate ratio
of the respective elements were taken and melt under Ar gas
atmosphere within the arc-melt chamber. As prepared samples
were enclosed within a quartz tube under Ar atmosphere.
After that, a heat treatment for 8 days at 1073 K temperature
was completed and subsequently quenched in the ice water
mixture. Room temperature x-ray powder diffraction mea-
surements were performed using a Rigaku SmartLab x-ray
diffractometer with a Cu-Kα source to characterize the struc-
tural phase. To probe the compositional homogeneity, field
emission scanning electron microscope (FESEM) equipped
with energy dispersive x-ray (EDX) analysis was utilized.
Low-field magnetic measurements were carried out using
SQUID vibrating sample magnetometer (MPMS-3, Quantum
Design) and VSM option in Quantum Design physical prop-
erty measurement system (PPMS). Transport measurements
were performed using Quantum Design PPMS. Pulsed field
magnetization measurements up to 60 T were carried out at
the Dresden High Magnetic Field Laboratory HLD-HZDR.
The 30 T static magnetic field measurements were performed
using a vibrating sample magnetometer at the High Field
Magnet Laboratory HFML-RU/FOM in Nijmegen.

III. THEORETICAL CALCULATION

Mn3In crystallizes in a cubic structure with 52 atoms in
a unit cell, which comprises of two atomic clusters, each
containing 26 atoms and centered at (0, 0, 0) and (0.5, 0.5, 0.5)

TABLE I. Total cell moments (μ) and relative energies (�E) of
13 different ferrimagnetic (FiM) spin configurations for pure Mn3In.
FiM-9 is the lowest energy configuration, which is set as the refer-
ence configuration with energy zero (marked in bold). 4e1, 4e2, 4e3,
4e4, 6f, 12i, and 6g are the seven inequivalent Wyckoff positions for
Mn in pure Mn3In. NM represents nonmagnetic configuration.

Config. 4e1 4e2 4e3 4e4 6f 12i 12i 6g μ �E
A B A B A A B B in in
IT IT OT OT OH CO CO OH μB/f.u. eV/f.u.

NM 1.68
FiM-1 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 6.26 0.147
FiM-2 ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↓ 0.09 0.119
FiM-3 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ 2.49 0.95
FiM-4 ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↓ 2.94 0.121
FiM-5 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ 0.34 0.121
FiM-6 ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↑ 1.84 0.066
FiM-7 ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↑ 0.05 0.052
FiM-8 ↑ ↑ ↓ ↓ ↓ ↓ ↑ ↓ 4.89 0.108
FiM-9 ↑ ↑ ↓ ↓ ↓ ↑ ↑ ↓ 0.13 0
FiM-10 ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ 1.84 0.065
FiM-11 ↑ ↑ ↓ ↓ ↑ ↓ ↓ ↓ 2.37 0.113
FiM-12 ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↓ 4.06 0.127
FiM-13 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↓ 3.74 0.100

[33]. To understand the exact nature of atomic arrangement we
have decomposed the crystal structure based on the general
symmetry analysis as depicted in Figs. 1(a)–1(f). Each cluster
(labeled A and B) consists of an inner tetrahedron (IT), outer
tetrahedron (OT), octahedron (OH), and cuboctahedron (CO).
In case of cluster-A, all the sites are occupied by Mn atoms
only [Fig. 1(d)]. For cluster-B, IT and OT are fully occupied
by Mn atoms, while OH and CO positions are mostly filled by
the Mn and In atoms, respectively (with OH containing two
In and rest Mn while CO invloves one Mn and rest In atoms),
as shown in Fig. 1(e). The mixed occupancy between Mn and
In atoms at the OH and CO sites of cluster-B intrinsically in-
duces antisite disorder in the system. In our paper, we mostly
concentrate on the Ni- and Pt-doped Mn3In alloys to facilitate
tunable magnetic ordering.

To understand the magnetic ground state of the present
systems, we have simulated different spin configurations by
varying the spin alignment at various Wyckoff positions of
the Mn sublattices within density functional theory (DFT).
Figure 2 shows the relative formation energies (�E) and net
cell moments (μ) of 13 different spin configurations (labelled
FiM). The structures of each of these configurations were
fully optimized to reach their minimum energy. As evident,
FiM-9 turns out to be energetically the most favourable, with
negligibly small net moment. The relaxed lattice constant for
this configuration is 9.25 Å. The exact form of the 13 different
spin configurations and their respective �E and μ are given
in Table I. A perfect FM phase could not be stabilized [34].
Keeping in mind the complex nature of magnetic ordering in
Mn3In, the degree of frustration around each Mn sites is quite
obvious. We have calculated the total degree of frustration
(summing up the frustration at each inequivalent Mn sites) for
all the 13 configurations (see Fig. S11 within the Supplemen-
tal Material [35] for details).
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FIG. 1. Decomposition of the Mn3In crystal structure. (a) Four Mn atoms (yellow spheres) forming an inner tetrahedron (IT). (b) Four Mn
atoms (blue spheres) join together to form an inverted outer tetrahedron (OT), which is rotated by 30 degree with respect to the IT. (c) Six
Mn atoms (magenta spheres) constituting an octahedron (OH) in a manner that makes each OH atom close to two IT and two OT atoms.
(d) The IT, OT, and OH atoms caged inside the cuboctahedron (CO) formed by 12 Mn atoms (orange spheres). Altogether, this arrangement
of IT + OT + OH + CO forms cluster-A. (e) Cluster-B is formed in a similar way to that of cluster-A. Here the CO is formed by 11 In
atoms (light-green spheres) and one Mn atom (orange spheres), the OH is composed of four Mn atoms (magenta spheres) and two In atoms
(light-green spheres). The atomic composition/geometry for the IT and OT remains same as of cluster-A. (f) Extended view of the complete
unit cell of Mn3In with cluster-A centered at (0, 0, 0) and cluster-B at (0.5, 0.5, 0.5).

The magnetic ground state for the Pt- and Ni-doped sam-
ples are calculated by considering energetically the most
stable Mn3In configuration (FiM-9) and then simulating the
magnetic structure for Mn2.85(Pt, Ni)0.15In and Mn2.7(Pt,
Ni)0.3In. The resulting net cell moments are listed in Table II.
It is evident that the substitution of Pt in Mn3In does not

FIG. 2. Relative formation energy (�E) and net cell moments
(μ) of 13 different ferrimagnetic (FiM) spin configurations for pure
Mn3In. The exact arrangement of spin alignments at different Mn
sublattices in each FiM configurations is shown in Table I.

alter the fully compensated ferrimagnetic behavior of the host
material. Most importantly, for all the cases, each individual
cluster consists of a large net magnetic moment. The net
magnetic moment in cluster-A is almost equal and opposite
to that of cluster-B, resulting in a nearly fully compensated
magnetic state. One can notice that although FiM-9, with a
fully compensated magnetic configuration, is the ground state,
a net uncompensated magnetic moment of 1.84 μB/f.u. can
also be found in case of FiM-6 and FiM-10 arrangements
with a very small energy difference and almost same degree

TABLE II. The moments (in μB) at different Wyckoff positions
in cluster-A and B of Mn3In, Mn3−xPtxIn, and Mn3−yNiyIn. The net
moments of cluster-A(μ(A)

net ) and cluster-B(μ(B)
net ) are coupled anti-

ferromagnetically. The effective moment (μeff = μ
(A)
net + μ

(B)
net ) is in

μB/f.u. The individual site moments are rounded up to the first
decimal place, while the net cluster moments are calculated taking
the second decimal place into consideration. The effective moment
is also rounded up to the first decimal place.

Conc. 4e1 4e2 4e3 4e4 6f 6g 12i 12i μ
(A)
net μ

(B)
net μeff

A B A B A B A B

Mn3In 0.6 1.7 –2.4 –2.4 –2.8 –3.5 3.3 3.6 14.8 –13.4 0.1
x = 0.15 0.6 1.8 –2.4 –2.6 –2.9 –2.7 2.9 3.6 11.4 –10.2 0.1
y = 0.15 0.6 1.8 –2.4 –2.9 –2.7 –2.7 2.9 3.6 12.3 –11.2 0.1
x = 0.3 0.6 2.0 –2.5 –2.6 –2.9 –1.8 2.7 3.7 8.1 –5.5 0.2
y = 0.3 0.6 2.0 –2.5 –2.6 –2.9 –1.7 2.7 3.7 7.2 –5.6 0.1
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FIG. 3. Room-temperature powder x-ray diffraction (XRD) pat-
tern along with Reitveld refinement for, [(a)–(c)] Mn3−xPtxIn (x =
0.1 to 0.3) and [(d),(e)] Mn3−yNiyIn (y = 0.1 and 0.2). The ex-
perimentally observed intensity (IObs) and simulated intensity (ICal)
data are represented by the black open circles and red solid lines,
respectively. The solid lines in blue color describe the difference
between the experimental and simulated intensity. The red vertical
lines indicate the Bragg positions.

of frustration to that of FiM-9. Hence, it might be possible to
stabilize some uncompensated FiM magnetic clusters within
the fully compensated ferrimagnetic host. Therefore, the
exchange interaction between the fully compensated FiM host
and the uncompensated magnetic clusters can give rise to
possible EB effect.

IV. STRUCTURAL ANALYSIS

To verify our theoretical propositions, we have synthe-
sized Mn3−xPtxIn and Mn3−yNiyIn samples with x = 0.1 to
0.3 and y = 0.1 to 0.2. We only concentrate on the doped
samples as it is not possible to stabilize a single structural
phase of Mn3In by the present arc-melting technique. The
structural phase purity of all the doped samples can be seen
from the Rietveld refinement of the room temperature powder
x-ray diffraction (XRD) data as depicted in Fig. 3. All the
Bragg peaks observed experimentally can be well indexed by
incorporating the structural symmetry associated with space
group P4̄3m. The lattice parameters and the other agreement
factors obtained from Rietveld refinement are tabulated within
the Supplemental Material [35]. We have also thoroughly
investigated the XRD data to find any site-specific prefer-

ence of the doping element. As can be seen from the Pt
composition-dependent room-temperature powder XRD pat-
terns [Figs. 3(a)–3(c)], the Bragg peak (211) is absent in
Mn2.9Pt0.1In [Fig. 3(c)]. The intensity of the Bragg peak (211)
increased with the increase of Pt concentration, in fact, it is
very prominent in Mn2.7Pt0.3In [Fig. 3(a)]. Therefore, we have
systematically substituted Pt atoms in all the possible Wyckoff
positions to find out any preferentially site occupation. The
variation of simulated intensity of the (211) peak for substitu-
tion of Pt at different Wyckoff positions in the Mn2.7Pt0.3In is
shown in Supplemental Material [35]. In particular, we find a
site preferential occupancy of doped Pt, Ni atoms at AOH and
BOH sites (see Supplemental Material [35]).

V. MAGNETIZATION STUDY

To study the effect of Pt doping on the magnetic properties
of Mn3In, we have carried out temperature (T ) dependent
magnetization measurements for the Mn3−xPtxIn samples, as
shown in Fig. 4(a). All the samples exhibit a typical AFM type
M(T ) curves. However, the zero field cooled (ZFC) and field
cooled (FC) M(T ) curves display a strong bifurcation below
the Neel temperature (TN ), which increases monotonically
with increasing x [inset of Fig. 4(a)]. The low-temperature
irreversibility between the ZFC and FC M(T ) data suggests
the presence of a magnetic phase coexistence, which might be
due to the formation of FM cluster within the compensated
FiM matrix. The presence of large irreversibility between the
ZFC and FC M(T ) data even at 5 T and frequency dependent
ac-susceptibility measurements eliminate the possible exis-
tence of SG phase in the present system (see Supplemental
Material [35]).

In order to further examine the nature of the magnetic
phase coexistence, we have performed ZFC isothermal mag-
netization measurements at 2 K, as shown in Fig. 4(b) (open
symbols). The ZFC M(H ) loops exhibit a nearly linear-field
dependency up to the measured field of 14 T. However, all
the loops show hysteretic behavior with a large coercive field
(HC). The results corroborate our assumption about the pres-
ence of mixed FM and FiM phases. The linear nature of
M(H ) loop may arise from the compensated FiM background,
whereas, the hysteretic behavior can originate from the exis-
tence of FM clusters. We have further measured FC isothermal
magnetization loops at 2 K to examine the presence of any
exchange interaction between the FM and FiM phases, as
shown in Fig. 4(b) (solid symbols). Before the measurement,
the samples were cooled down to the required temperature
from 300 K in presence of 5 T field. As it can be seen, all the
FC M(H ) loops display a large shift along the negative-field
axis, demonstrating the existence of a large unidirectional ex-
change anisotropy in the system. Like the Pt-doped samples,
the M(T ) data for Mn3−yNiyIn also displays a large irre-
versible behavior [inset of Fig. 4(c)]. The ZFC and FC M(H )
measurements at 2 K for the Ni-doped samples are plotted
in Fig. 4(c). The ZFC M(H ) loops exhibit a similar kind of
hysteretic behavior as that of Pt-doped samples, whereas, the
FC loops display a spontaneous magnetization behavior with
the loop closing field of about 5 T. The EB and coercive fields
are calculated by using the formula HEB = −(HL + HR)/2 and
HC= |HL-HR|/2 respectively, where HL and HR are the lower
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FIG. 4. (a) Temperature-dependent magnetization, M(T ), measured at 0.1 T for Mn3−xPtxIn. Open (solid) symbols correspond to the ZFC
(FC) data, respectively. The data for x = 0.2 and x = 0.3 are multiplied by scaling factors of 1.3 and 1.5, respectively, for better visualization.
Inset shows the Neel temperature TN vs x. (b) ZFC (open symbol) and +5 T FC (solid symbol) M(H ) loops measured at T = 2 K. M(H )
loop corresponding to the sample x = 0.2 and 0.3 are shifted by 0.6 and 1.2 μB/f.u., respectively, along the magnetization axis. (c) ZFC (open
symbol), +5 T FC (solid symbol) and −5 T FC (half-filled symbol) M(H ) loops for Mn3−yNiyIn measured at T = 2 K. M(H ) loop for y = 0.1
is shifted by −0.6 μB/f.u. The inset of (c) shows the M(T) curve; squares and circles represent data for y = 0.1 and y = 0.2, respectively.

and upper critical field at which the magnetization becomes
zero. We find a large EB field (HEB) of 0.8, 1.6, and 1.8 T
for x = 0.1, 0.2, and 0.3, respectively [Fig. 5]. In addition,
we also observe an enhancement in the HC values to 2.33 T,
2.67 T, and 3.37 T for x = 0.1, 0.2, and 0.3, respectively. For
the Ni-doped samples, an extremely large HEB of 2.68 T is
found for Mn2.8Ni0.2In [see inset of Fig. 5].

The finding of large EB with contrasting nature of the
FC hysteresis in Pt- and Ni-doped samples requires a deeper
understanding of the underlying mechanism. Although the FC
loops for the Ni-doped samples closes at a moderate field of

FIG. 5. Pt concentration (x) dependent exchange bias fields
(HEB) and coercive fields HC for Mn3−xPtxIn. Inset shows HEB and
HC for Mn3−yNiyIn.

about 5 T, it is unclear for the Pt-doped samples, if the FC
M(H ) loops really close at 14 T. Moreover, to make sure
that the observed EB effect does not arise from the minor
loop measurement, we have carried out pulsed field magne-
tization measurements at 1.8 K at a field up to 60 T for the
Pt-doped samples as shown in Fig. 6(a). Clearly, all the loops
close at a field of ∼15 T. The M(H ) curves do not show
any signature of saturation up to the maximum applied field,
indicating the robustness of inter sublattice exchange strength
in the compensated ferrimagnet. A strong hysteretic behavior

FIG. 6. (a) ZFC M(H ) loops measured up to 60 T for
Mn3−xPtxIn. Magnetization data for the sample x = 0.2 and 0.3 are
shifted by 0.5 and 1.5 μB/f.u., respectively along M axis. (b) M(H )
loops measured up to ±30 T after field cooling the sample in an
applied field of HFC = 15 T. M(H ) loops of x = 0.2 and 0.3 are
shifted by 0.8 and 1.6 μB/f.u., respectively.
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FIG. 7. (a) Cluster-A and cluster-B with finite staggered magnetization aligned antiparallely. (b) Left panel: Fully compensated FiM
background as a result of cancellation between the staggered magnetization of cluster-A (orange arrows) and cluster-B (magenta arrows).
Right panel: Possible FiM cluster due to a finite net (cell) magnetic moment, as in FiM-6/FiM-10 configuration in Table I. The dashed line
indicates the interface between the FCF background and the FiM cluster with finite moment. (c) Field dependence of Hall resistivity (ρyx)
measured at 5 K after field cooling the sample in an applied field of +7 T (open circles) and −7 T (open squares) for Mn2.8Ni0.2In. The open
symbols represent experimental data while the solid lines correspond to the total calculated Hall resistivity. The schematic spin configuration at
the top and bottom panels represent the possible interfacial FCF magnetic configuration at the field reversal point, which are marked in dotted
circles and dotted squares, respectively. The solid angle subtended by the noncoplanar spins in the schematic diagrams are marked by shaded
dark yellow region and the red arrows indicate the direction of fictitious magnetic field.

in the field range of 0–15 T with a remanent magnetization
of 0.16–0.23 μB/f.u. is also found in all the three samples. In
addition, the presence of a step-like feature around 10 T also
suggests a field-induced metamagnetic type of transition. To
further probe the effect of high magnetic field, we have taken
15 T FC hysteresis loops measured up to 30 T for the Pt-doped
samples, as depicted in Fig. 6(b). As evident, all the M(H )
loops close at about 15 T (see ZFC 60 T measurements).
Hence, the FC hysteresis loops measured up to a field of 14 T
in Fig. 4(b) fall almost in the major loop category. However,
we find that the 15 T FC M(H ) loops (measured up to 30 T)
exhibit smaller EB field in comparison to that of the 5 T FC
loops shown earlier.

VI. TRANSPORT MEASUREMENT AND DISCUSSIONS

Observation of large EB in the present system strongly
suggests the existence of exchange coupling between the FCF
background [Fig. 7(a) and left panel of Fig. 7(b)] and the FiM
clusters [right panel of Fig. 7(b)]. Our experimental results
also directly support the theoretical proposition of FCF as the
lowest energy state with negligible energy difference between
the FCF and uncompensated FiM states. In a recent theoretical
study, it is proposed that the uncompensated ferrimagnetic
ordering as the lowest energy state in Mn3In [36]. However,
our theoretical as well as the experimental results categori-

cally establish FCF as the magnetic ground state in the present
system. In order to further understand the nature of exchange
interactions between the FCF background and the FiM cluster,
we have performed Hall measurements in Mn2.8Ni0.2In, as it
requires a moderately low field (∼5 T) to close the hysteresis
loop. The field dependence of Hall resistivity (ρyx) measured
after field cooling the sample in +7 T and −7 T is shown in
Fig. 7(c). To extract any possible additional component in
the Hall resistivity, we have fitted the experimental ρyx data
with the calculated one. The total ρyx can be expressed as
ρyx = ρN + ρAH + ρEH

yx , where ρN , ρAH , and ρEH
yx are normal,

anomalous, and extra Hall resistivities, respectively [24,37].
ρN can be written as ρN = R0H where R0 is the normal Hall
coefficient and H is the magnetic field. While ρAH can be
expressed as, ρAH = bρ2

xxM, where b is a constant, ρxx is the
longitudinal resistivity, and M is the magnetization. Since the
FC loop closes for field above 5 T, it can be assumed that
the spin structure saturates for field larger than 5 T and hence
the high field ρyx data only consists of ρN and ρAH . In this
scenario, the ρyx at field greater than 5 T can be expressed as
ρyx = R0H + bρ2

xxM. The calculated Hall resistivity is plotted
as solid lines in Fig. 7(c). If we see the +7 T FC data, the
experimental and calculated curves match pretty well every-
where except at the magnetization reversal point at +9 T to
−9 T curve. To further examine this unusual behavior, we
have performed similar fitting for the −7 T FC data, where
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the difference between the experimental and the calculated
data arises at the magnetization reversal point at −9 T to +9 T
field sweep curves. This indicates the presence of extra Hall
effect (EHE) at the field reversal marked by dotted circles
in Fig. 7(c). It is to be noted that for the +7 T FC loop, the
measurement was performed by sweeping the field from +9
→ −9 → +9 T whereas the field was sweeped as −9 →
+9 → −9 T for −7 T FC loop. We have also performed the
Hall effect measurements by zero-field cooling the sample
to low temperature. As expected, we do not find any extra
Hall component in case of the ZFC Hall measurements (see
Supplemental Material [35]).

The observed differences between the calculated and ex-
perimental Hall resistivity curves indeed indicate towards a
different mechanism of magnetization reversal through lower
and upper critical field in an exchange-coupled system. The
often-found asymmetry in hysteresis curve in the vicinity of
magnetization reversal occurs due to either domain wall mo-
tion or magnetization rotation on opposite side of hysteresis
[38–40]. Most importantly, this extra Hall contribution in the
present system appears only in the field decreasing or field
increasing path of the Hall measurement when the sample is
field cooled in positive or negative field. This kind of extra
Hall contribution can only be assigned to the interfacial non-
coplanar spin structure in an exchange bias system. This is
due to the fact that the sign of the cooling field determines
the nature of the spin orientations at the interface, leading
to the observed asymmetry in the Hall signal across the
field-reversal regime. Similar kind of effect has also been pre-
viously found in an exchange bias system where the additional
Hall contribution is attributed to the topological-spin texture at
the interface [41]. Therefore, in the present system, the origin
of EHE is most likely connected to the nonvanishing scalar
spin chirality originated from the noncoplanar spin structure
[24,37,42,43]. Such noncoplanar-spin state can be stabilized
by interfacial DMI arising from the breaking of inversion sym-
metry at the interface [41]. As a result, an extra component of
Hall resistivity appears in the vicinity of the magnetization
reversal through magnetization rotation [marked in dotted cir-
cles in Fig. 7(c)]. A possible spin configuration corresponding
to the Hall signal marked in dotted circles is illustrated in the
top panel of Fig. 7(c). In this scenario, the fictitious magnetic
fields (indicated by the red arrows) associated with the solid
angle subtended by the noncoplanar spins within the single
domain FCF add up to give a nonvanishing effective field.
This gives rise to the observed additional Hall component

as marked by dotted circles in Fig. 7(c). On the other hand,
the absence of extra Hall component in the reverse cycle
[marked as dotted squares and represented schematically in
the bottom panel of Fig. 7(c)] indicates the formation of
multidomain state in the FCF layer. The random orientation
of the fictitious magnetic field in different domains leads to a
vanishing effective field. Moreover, the nucleation of domain
states is favourable while moving from negative saturated field
to positive one for the positive field cooled case and vice versa.
In fact, the existence of AFM domain at the interface in an EB
system has also been reported earlier [39,44,45].

VII. CONCLUSIONS

In conclusion, we have reported a classic example of
a composite quantum material where the material (Mn3In)
shows the coexistence of fully compensated ferrimagnet
(FCF) and large exchange bias (EB). In both pure and un-
doped Mn3In, FCF arises from the antiferromagnetic coupling
between the intracluster staggered moment. The high degree
of frustration in the energetically most stable FCF state and
small energy barrier of this state with respect to other uncom-
pensated magnetic states are the most plausible reason to give
rise to a magnetic inhomogeneous state. The finding of large
exchange bias in the present system is the manifestation of
the exchange interaction between the FCF and the uncom-
pensated ferrimagnetic clusters. The observed EHE in such
systems indicate presence of interfacial DMI along with the
symmetric exchange interaction. Moreover, it establishes the
importance of compensation to achieve large EB regardless of
the crystalline anisotropy.
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