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The realization of advanced spintronic phenomena in bulk materials offers a robust alternative to complex thin-film 
heterostructures. This study investigates the low-temperature magnetic and magneto-transport properties of bulk single-
crystal MnZnSb, a ferromagnet with a Curie temperature (TC) of ~315 K. Comprehensive characterization reveals a complex 
magnetic ground state, defined by the coexistence of ferromagnetic (FM) clusters within an antiferromagnetic (AFM) or 
weak ferrimagnetic (WFRI) matrix. This state, stabilized by intrinsic features such as antisite disorder and kinetic arrest, 
creates a network of internal magnetic interfaces. Consequently, the material exhibits a pronounced spin-valve-like 
magnetoresistance (SVMR), an effect exceptionally rare in bulk systems, driven by spin-dependent scattering across these 
interfaces. Concurrently, we uncover a significant topological Hall effect (THE), with a topological Hall resistivity (𝜌௑௒

் )  of 
~440 nΩ-cm at 5 K, contradicting earlier reports of its absence. The SVMR and THE are presented as complementary 
transport signatures of the non-trivial spin textures arising from the material's intrinsic magnetic inhomogeneities. These 
findings demonstrate that complex, heterostructure-like spintronic functionalities can emerge from phase competition in a 
single bulk material, opening new avenues for device design. 
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1 Introduction 
The pursuit of multifunctional materials capable of 

hosting diverse and advanced physical phenomena is a 
central theme in condensed matter physics, with 
profound implications for next-generation spintronics. 
Properties such as room-temperature ferromagnetism1, 
giant magneto resistance (GMR)2, and the emergence 
of topological states like skyrmion lattices3-6 are  
critical for technological innovation7. While  
significant progress has been achieved in thin-film 
heterostructures, where phenomena like tunnelling 
magneto resistance (TMR) are engineered through 
precise layer-by-layer growth, the exploration of 
analogous effects in bulk materials remains a 
formidable challenge8-9.  

One such phenomenon, the spin-valve-like 
magneto resistance (SVMR), which manifests as a 
change in electrical resistance due to the relative 
alignment of magnetic regions, was first discovered in 
multilayer systems10-11. Its observation in bulk 
materials12-16 is exceptionally rare, hindered by 
crystallographic defects, uncontrolled domain 

structures, and the difficulty in engineering the sharp 
magnetic interfaces and the inherent protection of 
topological states15. A promising pathway to 
overcome this limitation is to exploit intrinsic 
magnetic phase coexistence, where competing 
magnetic orders at the microscopic scale can naturally 
form the necessary interfaces within a single-phase 
bulk crystal. 

Earlier studies show that the phase boundary plays 
a crucial role in the appearance of SVMR in the case 
of heterostructures14. In analogy to thin film, a phase 
boundary could exist in bulk via magnetic phase 
coexistence at a microscopic length scale17. To 
explore the existence of SVMR in bulk material, Mn-
based compounds, especially Mn2Sb family 
compounds could be suitable due to the availability of 
multiple oxidation states and the high magnetic 
moment18-19 which creates intriguing properties like 
anomalous Hall effects (AHE), topological Hall 
effects (THE), skyrmion formation, magnetocaloric 
effects (MCE), 2D magnetism etc.20-22. Two different 
crystallographic positions of Mn atoms (Mn(I) and 
Mn(II)) form a triple-layer arrangement in such a 
manner that one triple layer aligns parallel to each 
other, resulting in ferrimagnetic (FRI) ordering below 
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550 K, followed by a spin reorientation transition near 
240 K23. Mn as well as Sb site substituted by 
transition elements, i.e, Mn2−xSbyTx/y (T=Cr, Co, Zn, 
V, Fe, Ge, Bi, Sn, etc.), modifies structural parameters 
resulting in different magnetic phases due to coupled 
electrical, magnetic, and lattice degrees of 
freedom22,24-30. Among the transition metal 
substitutions, Zn doping in Mn₂₋ₓZnxSb introduces 
unique opportunities to control magnetic phases by 
carefully tuning the Zn concentration in the crystal 
lattice24,31. Specifically, the complete replacement of 
the Mn(II) atom by Zn in Mn2Sb, i.e, MnZnSb, forces 
the system into a FM state, which results in many 
noticeable observations32. A detailed study has been 
performed by controlling Zn content in Mn2-xZnxSb, 
which reveals the appearance of skyrmions in a 
narrow doping range only21. Careful observation 
reveals the presence of a broad hump-like structure 
below 150K in temperature-dependent magnetization 
behaviour, which could be a signature of a distinct 
magnetic state, possibly linked to phase coexistence 
or glass-like magnetic behaviour,which may result in 
the interesting transport properties in bulk material. 
However, the precise nature of these low-temperature 
magnetic states and their influence on magneto 
transport remains to be elucidated.  

In this work, we present a comprehensive 
investigation into single-crystal MnZnSb, revealing 
how slight intrinsic inhomogeneities, such as antisite 
disorder, give rise to a complex low-temperature 
magnetic state characterized by kinetic arrest and 
phase coexistence. We demonstrate that this intrinsic 
magnetic landscape generates two remarkable and 
correlated magneto transport phenomena: an 
asymmetric, spin-valve-like magnetoresistance and a 
substantial THE. Our findings establish a critical link 
between microscopic magnetic disorder, emergent 
topological spin textures, and macroscopic transport 
properties, showcasing a viable route to achieving 
advanced spintronic functionalities in bulk crystalline 
materials. 

2 Materials and Methods 

2.1 Materials Synthesis 
The synthesis of single-crystalline Mn2Sb-based 

compounds is notably challenging due to the high 
vapour pressures of Mn and Sb. According to the 
binary phase diagram of the Mn-Sb system, the 
Mn2Sb phase forms through congruent melting at 
948°C33. Even minor variations in composition can 

result in the formation of other phases, such as the 
more stable MnSb. To overcome these challenges, we 
employed a modified Bridgman method for the 
growth of single-crystalline MnZnSb compound. For 
the synthesis, high-purity elemental Mn (99.95%), Sb 
(99.999%), and Zn (99.99%) were weighed and 
combined in a stoichiometric ratio. These elements 
were placed in a pointed-bottom, cylindrical Al2O3 
crucible, which was subsequently sealed within a 
quartz ampoule under a vacuum pressure of 10-5 
mbar. The sealed quartz ampoule was subjected to 
heat treatment in a muffle furnace. To minimize the 
evaporation rate of the elements and achieve uniform 
homogeneity, the heat treatment process was divided 
into several stages. First, the sample was heated to 
900°C in 72 hours, followed by a 24-hour hold. Then, 
it was heated to 960°C in 6 hours, with another 6-hour 
hold. The sample was then cooled to 850°C in 110 
hours, and finally cooled to room temperature over 10 
hours. This meticulous control of the temperature 
profile is essential for successfully synthesising single 
crystals of MnZnSb. A picture of the obtained crystal 
has been shown as the top left image in Fig. 1. 

2.2. Experimental Methods 
Powder X-ray diffraction (XRD) measurements 

were performed using a Rigaku diffractometer 
(Ultima-IV) equipped with Cu-Kα radiation (λ = 1.54 
Å) at room temperature after grinding flakes of the 
single-crystalline sample. The same instrument was 
used for analyzing the cleaved bulk sample surface. 
Observed XRD patterns were analysed using the 
FULLPROF refinement program to determine the 
structural parameters. To study the crystallographic 
orientation, synthesised crystals are oriented using the 

Fig. 1 — Images of bulk single crystals (top left image) grown
with the modified Bridgeman technique. Laue diffraction pattern
(top right image) taken on the shiny crystalline surface of the
cleaved sample. Reitveld refinement of X-ray diffraction data 
collected on powder XRD at room temperature.  
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Laue diffraction technique using a tungsten target 
with x-ray wavelength from 0.5 Å to 4.2 Å. The 
diffraction patterns are collected on a photographic 
film in back reflection geometry. The stoichiometric 
ratio and homogeneous distribution of constituent 
elements on a cleaved surface of the synthesized 
single crystal were examined using Scanning Electron 
Microscopy (Tescan Magna GMH) and Energy 
Dispersive Analysis of X-ray (EDAX-Octane Elect 
Super). Magnetization as a function of temperature, 
magnetic field, and time was measured using a 
7-Tesla Magnetic Property Measurement System
(MPMS-XL, Quantum Design, USA) in both parallel
and perpendicular directions to the applied magnetic
field. The magneto-transport properties have been
measured using the resistivity option in the 14-Tesla
Physical Property Measurement System (PPMS,
Quantum Design, USA). All electrical and magnetic
measurements were performed on a bulk cleaved
single-crystalline sample.

3 Result and Discussion 

3.1 Structural analysis 
Room temperature powder XRD analysis, shown in 

Fig. 1, confirms that the synthesized MnZnSb 
crystallizes in the anti-PbFCl type tetragonal structure 
with space group P4/nmm, consistent with JCPDS 
data (152-7599). Rietveld refinement of the observed 
powder XRD pattern was performed using the anti-
PbFCl type crystal structure, space group of P4/nmm, 
and atomic positions for Mn (1/4,1/4,z); Sb (1/4,1/4, 
z’) and Zn (3/4,1/4,0) with z/z’ value of 0.273/0.72 
respectively34-35. Refinement results show the lattice 
parameters a = 4.1605 Å and c = 6.2915 Å are in good 
agreement with the existing literature32. A minor 
secondary phase of magnetic MnSb (~3%) was also 
detected, which is a crucial detail given its potential 
contribution to magnetic in homogeneity. The Laue 
diffraction pattern taken on the flat surface of the 
crystal, shown as the top right image in Fig. 1, 
displays bright spots with four-fold symmetry, 
indicating the ab-plane of the tetragonal structure. 

3.2 Microstructural and chemical analysis 
To determine the chemical composition of the 

synthesized samples, EDAX measurements performed 
at multiple locations on the cleaved crystal surface 
determined an average atomic ratio of Mn₁.₀₃ 
Zn₀.₉₉Sb₀.₉₉, as shown in Fig. 2. This slight off-
stoichiometry, particularly the Mn excess, suggests 

the presence of antisite disorder (e.g., Mn atoms 
occupying Zn sites), which is a known source of 
competing magnetic interactions in such intermetallic 
systems. Large area elemental mapping confirmed a 
macroscopically uniform distribution of all 
constituent elements, indicating that these 
compositional variations occur at the local or 
microscopic level. 

3.3 Magnetic and Magneto-transport properties characterisation 
To probe the magnetic ground state, temperature-

dependent magnetization (M-T) was measured in the 
presence of the magnetic field. For the zero-field-
cooled warming (ZFCW) measurement, the sample 
was initially cooled from room temperature down to 2 
K in the absence of any externally applied magnetic 
field. Once the sample reached 2 K, a magnetic field 
of 100 Oe was applied isothermally, and data were 
recorded during the subsequent warming cycle up to 
325 K. Following the ZFCW process, successive 
field-cooled cooling (FCC) and field-cooled warming 
cycles (FCW) were conducted in the presence of a 
labeled constant magnetic field. The magnetization as 
a function of temperature (M-T) was measured while 
applying a magnetic field parallel to c-axis and ab-
plane as shown in Fig. 3 (a & b), respectively.  

Figure 3(a) and (b) illustrate the isofield 
magnetization measurements conducted in two 
orientations: with the external magnetic field aligned 
parallel (H || c) and perpendicular (H || ab) to the 
crystallographic c-axis. A clear bifurcation between 
the zero-field-cooled (ZFC) and field-cooled (FC) 
curves is observed in both orientations, which is a 
classic signature of magnetic frustration, disorder, or 
glassy behaviour. For the H || c orientation, a sharp 
decrease in magnetisation is observed near 315 K, 
which corresponds to the Curie temperature (Tc). This 
transition marks the onset of a second-order magnetic 
phase (SOMP) transition from the FM state to the 
paramagnetic (PM) state as the temperature increases. 
In contrast, the H || ab orientation does not exhibit a 
complete magnetic transition within the given 
temperature range, suggesting significant magnetic 
anisotropy in the synthesised sample. 

This anisotropy is further confirmed through 
isothermal magnetisation measurements performed at 
250 K and 5K as shown in Fig. 3 (c). In case of H || c 
configuration, the magnetisation saturates at relatively 
low magnetic fields, indicating that the c-axis serves 
as the easy axis of magnetisation.  
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An enlarged low-temperature magnetisation data 
(inset of Fig. 3 (a)) shows the presence of thermal 
hysteresis in FCC and FCW above 50 K with 
crossover behaviour. A small hysteresis between the 
FCC and FCW curve suggests a first-order-like 
magnetic transition (FOMP) into a distinct low-
temperature state, such as a weak ferrimagnetic 
(WFRI) or antiferromagnetic (AFM) phase.  

In the current study, the calculated magnetic moment 
is 1.1 μB/Mn, which is close to the reported range of 1.5-
1.2 μB/Mn32,35-36. This variation in magnetic moment 
could be attributed to chemical in homogeneity or site 
disorder at the local level, specifically due to the 
possibility that the Mn(II):Zn ratio might not always 
maintain the ideal 1:1 stoichiometry. The asymmetric 
distribution of Zn over Mn(II) within the crystal lattice 

could introduce different magnetic interactions at the 
local level, giving rise to multiple magnetic states with 
varying temperatures20-21. The existence of such multiple 
intermediate magnetic states has been well established in 
Cr and Co-doped Mn2Sb in the dilute limit37-38.  The 
presence of intermediate magnetic state (WFRI/AFM) in 
the present study could be expected due to very little 
change in magnetisation, along with the existence of 
bifurcation. 

Such compositional studies conducted on present 
material further support the hypothesis, as they clearly 
indicate the emergence of a WFRI/AFM state. 
Keeping in view the anisotropic nature of the 
material, further magnetic measurements in this study 
were conducted with the magnetic field aligned 
parallel to the c-axis, i.e, easy axis. This alignment 

Fig. 2 — (Top) EDAX spectra and (bottom clockwise) SEM images along with corresponding elemental mapping of Sb, Zn, and Mn
elements present in the prepared single crystalline MnZnSb. 
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emphasizes the dominant magnetic interactions along 
this axis and provides deeper insights into the 
material's anisotropic magnetic properties. 

The electrical resistivity, shown in Fig. 3(d), 
confirms the strong coupling between magnetic and 
electronic degrees of freedom, exhibiting a clear 
anomaly at Tc. Below the transition, the material 
displays metallic behaviour. The application of a 7T 
magnetic field suppresses the magnetic ordering, 
leading to a negative magnetoresistance, which is 
characteristic of the suppression of spin-disorder 
scattering in ferromagnetic metals. 

The complex nature of this low-temperature state is 
further elucidated by time-dependent magnetisation 

relaxation measurements, as shown in Fig. 4. All 
measurements shown in Fig. 4 have been collected 
after cooling the sample from 325 K in the presence 
of a 2T magnetic field.  The field was then set to 
zero isothermally in oscillation mode, and 
relaxation was recorded over 20000 seconds. The 
same protocol was used for data collection at each 
labelled temperature. The cooling field of 2T has 
been decided after performing isothermal 
magnetisation at different temperatures (Fig. 3(c)), 
which shows the magnetic moment saturates above 
1.5T.  

The relaxation data shown in Fig. 4 were fitted 
with a combination of power law and stretched 
exponential equations Mt/M0 = A(T) (-1 + 2tγ) + B(T) 
(exp(-(t/τ)β)), which is typically used to describe 
glassy systems with coexisting magnetic clusters 
(where A and B: temperature dependent weight 
factors, and 𝛾, 𝜏 and 𝛽 are the extent of relaxation, 
characteristic relaxation time and a shape parameter 
respectively). This kinetic arrest prevents the system 
from reaching its true thermodynamic ground state 
(likely AFM/WFRI) on experimental time scales, 
resulting in a metastable phase where FM clusters 
are frozen within a majority AFM/WFRI matrix. The 
most significant drop in normalised magnetisation 
occurs around 80 K (Fig. 4(b)), marking the onset of 
this super cooled, phase-separated state. The fitted 
parameters are within the limits required for phase 
coexistence (𝛾=-ve, 𝛽=0.6- 0.9)39-41. These findings 
are in good agreement with existing literature in the 
field39-41. Here, observation of a kinetically arrested 
state with coexisting FM and AFM/WFRI clusters 

Fig. 3 — Magnetization as a function of temperature in different
crystallographic directions (a) H || c, and (b) H||ab . The inset in
(a) shows the magnified view of the boxed M-T region.
(c) isothermal magnetization at 5K and 250 K, and (d) resistivity
in the presence of a labelled external magnetic field.

Fig. 4 — (a) Normalized magnetization (Mt/M0) as a function of time at labelled temperature measured in the absence of magnetic field 
after following FCC protocol at 2T. Symbols are the observed data, and the solid line is the fitting data using the power law and the 
stretched exponential equation, and (b) For easy visualization, normalised magnetization was also plotted as a function of temperature at
different times of relaxation. 
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provides the necessary ingredients (interfaces and 
switchable magnetic entities) to look at the electrical 
magneto transport characteristics of the material.  

The complex, phase-separated magnetic ground 
state gives rise to remarkable magnetotransport 
phenomena that are highly unusual for a bulk 
material. Isothermal longitudinal magnetoresistance 
(MRₓₓ) measurements were performed at different 
temperatures, as shown in Fig. 5(a). 

At 300 K, MRXX exhibits a negative trend, 
confirming the FM state. With decreasing temperature, 
the magnitude of MR diminishes, accompanied by an 
anomalous asymmetric variation as a function of the 
polarity of the applied magnetic field.  Notably, the 
degree of asymmetry increases as the temperature 
decreases, as illustrated in Fig. 5(a). This behaviour, 
known as SVMR, is exceptionally rare in bulk materials 
and is typically associated with spin-dependent transport 
across interfaces in multilayered thin films11. In addition, 
bulk materials such as Mn₂NiGa and Mn₂PdSn also 
show such behaviour, where two distinct resistance 
states can be switched by reversing the direction of the 
magnetic field. By decomposing the MR into symmetric 
and asymmetric components using [MR(H)-MR(-H)]/2 
and [MR(H)+MR(-H)]/2, respectively15, we quantify the 
SVMR effect, which reaches a maximum of ~0.2% at 5 
K as shown in Fig. 5 (b-d) and vanishes at higher 
temperatures where the phase coexistence melts away. 
This observation provides compelling evidence that the 
intrinsic magnetic interfaces formed between the FM 
clusters and the AFM/WFRI matrix effectively 
simulatea spin-valve system. 

To further probe the nature of the spin texture, Hall 
resistivity (𝜌௑௒) was measured as shown in Fig. 5 (e). 
The total Hall resistivity can be expressed as the sum 
of three contributions: the Ordinary Hall effect 
(OHE), the Anomalous Hall effect (AHE), and the 
Topological Hall effect (THE)  

 

𝜌௑௒  ൌ 𝑅˳𝐻 ൅  𝑆ு𝜌௑௑ 
ଶ 𝑀௦௔௧ ൅ 𝜌௑௒

்  
 

where 𝑅˳, and SH are the coefficients, Msat, and 
ఘ೉೉
ఘ೉ೊ

are the saturation magnetisation and longitudinal 
/transverse resistivity, respectively. The first term 
denotes the ordinary hall resistivity ሺ𝜌˚௑௒ ൌ 𝑅˳𝐻ሻ, 
the second termis anomalous hall resistivity (𝜌௑௒

஺ ൌ
𝑆ு𝜌௑௑ 

ଶ 𝑀௦௔௧) typically arising from spin-orbit 
coupling, and the last is the topological Hall 
resistivity (𝜌௑௒

் ). The coefficients were calculated by 

the linear fitting of 
ఘ೉ೊ
ு

 with 
ఘ೉೉ 
మ ெ

ு
, the intercepts give 

the value of RO, and the slope gives the value of SH. 
With these values, we can have the 𝜌˚௑௒ and 𝜌௑௒

஺  also, 
by subtracting the 𝜌˚௑௒ and 𝜌௑௒

஺  from the 𝜌௑௒. We can 
extract the topological contribution to the Hall 
resistivity.  

In contrast to previous studies that reported 
negligible THE in MnZnSb, our analysis reveals a 
clear topological signature, with a substantial 𝜌௑௒

் ≈ 
440 nΩ-cm at 5 K. This discrepancy may be attributed 
to intrinsic in homogeneities, such as antisite disorder 
and the presence of a secondary magnetic phase, both 
of which were confirmed through structural and 
magnetic characterizations. These magnetic 
inhomogeneities can replicate the THE-like signal, 

Fig. 5 — (a) Magnetic field dependence of the MRXX at different temperatures, (b-d) Asymmetric component of MRXX at 5K, 150K, and 
200K. The inset in (a) demonstrates the magnified view of the encircled region, and (e) The obtained ordinary, anomalous, and the
topological Hall resistivity at T = 5 K. 
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often referred to as "artificial THE"42-43, arising from 
phase-separated regions with non-collinear spin 
structures. These findings not only expand the 
understanding of topological effects in Mn-based 
compounds but also highlight the role of disorder and 
phase coexistence in stabilizing unconventional 
transport phenomena. 

Our comprehensive experimental results converge 
to a unified physical picture, schematically illustrated 
in Fig. 6. The intrinsic chemical disorder (Mn/Zn 
antisites) in the MnZnSb crystal lattice induces 
competing magnetic interactions. At low 
temperatures, this leads to a kinetically arrested state 
characterised by the coexistence of nanoscale FM 
clusters embedded within a larger AFM/WFRI matrix. 

This heterogeneous magnetic landscape provides 
the necessary ingredients for the observed emergent 
transport phenomena. The SVMR arises from spin-
dependent scattering of conduction electrons at the 
numerous interfaces between the FM clusters and the 
surrounding matrix. When an external magnetic field 
is applied, the magnetisation of the FM clusters can 
be reoriented more readily than the rigid AFM/WFRI 
background. This change in the relative alignment of 
magnetization across the interfaces modulates the 
scattering rate, leading to a change in resistance. The 
asymmetry of this effect with respect to field polarity 
is a direct consequence of the hysteretic and 
asymmetric switching of these FM clusters. 

Simultaneously, the disordered and canted spins at 
these same interfaces create a non-coplanar spin 
texture. This texture generates a non-zero real-space 
Berry curvature, which acts as an emergent magnetic 
field on the conduction electrons, giving rise to the 
observed THE. Therefore, the SVMR and THE are 

not independent phenomena but are rather two distinct 
and complementary electronic signatures of the same 
underlying complex, phase-separated magnetic state. 
4 Conclusion 

The present study establishes a compelling 
correlation between AMR, SVMR, and THE in bulk 
single-crystalline MnZnSb. Below 150 K, magnetic 
and transport measurements reveal the coexistence of 
FM clusters within a weakly WFRI/AFM matrix, a 
configuration likely induced by antisite disorder and 
kinetic arrest. This magnetic phase separation creates 
internal interfaces across where spin-dependent 
scattering governs transport, giving rise to 
pronounced SVMR behaviour, reaching up to 0.2% at 
5 K. Concurrently, the detection of a non-
negligible  𝜌௑௒

்  ≈ 440 nΩ-cm confirms the presence of 
non-trivial spin textures—likely rooted in local spin 
canting or topological configurations there by 
establishing a critical link between real-space spin 
topology and magneto-transport. The observation of 
SVMR, reaching up to 0.2% at 5 K, while modest in 
its current manifestation, represents a significant 
scientific proof-of-concept, particularly given the 
rarity of such effects in bulk material systems. The 
path forward necessitates a concerted effort involving 
advanced microstructural and element-specific 
magnetic characterization to solidify the proposed 
mechanism, coupled with sophisticated theoretical 
modelling incorporating local disorder and spin-orbit 
coupling. Simultaneously, systematic materials 
engineering through controlled stoichiometry, doping, 
and strainis imperative to enhance the SVMR 
magnitude and elevate the operating temperature, 
thereby assessing its practical viability for future 
spintronic devices such as novel magnetic sensors or 
memory elements. 
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