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Helimagnetic materials exhibit complex non-collinear spin structures, making them promising candidates

for next-generation magnetoresistive devices. Their unique magnetic textures can yield enhanced mag-

netoresistance effects compared to conventional materials, potentially improving the performance of

magnetic sensors and memory technologies. In this study, an interface engineering strategy is presented

that leverages strain induced by the structural phase transition of Fe3O4 to enhance the magnetoresis-

tance (MR) effect in nanostructured manganese phosphide (MnP) films near the ferromagnetic-to-heli-

magnetic (FM–HM) transition. MnP films (∼100 nm thick, grain size ∼86 nm) were grown on Si substrates

using molecular beam epitaxy, followed by deposition of Fe3O4 layers of varying thicknesses (7 nm and

58 nm). The results show that a thin Fe3O4 layer (7 nm) enhances interfacial magnetic coupling and

overall magnetization in the bilayer, while the thicker Fe3O4 layer (58 nm) dominates the magnetic

response due to its soft magnetic nature. Remarkably, the MR near the FM–HM transition increases by

20% and 37% with the 7 nm and 58 nm Fe3O4 layers, respectively, attributed to strain-enhanced spin-

dependent scattering at the interface. These findings provide new insights into strain-modulated magnetic

coupling at iron oxide/helimagnet interfaces and underscore their potential for advanced spintronic

applications.

Introduction

Helimagnetism is a type of magnetic order characterized by a
non-collinear arrangement of spins, resulting in a helical or
spiral structure.1–3 In helimagnets, the magnetic moments of
the atoms rotate continuously, forming a helix along a specific
axis. This configuration can support the formation of topologi-
cal spin textures, such as skyrmions.4,5 This contrasts with fer-
romagnetism, where spins are aligned parallel, and antiferro-
magnetism, where they align antiparallel. Helimagnetism pre-
sents a rich area of study in condensed matter physics, with

implications for both fundamental research and practical
applications.6–10

Helimagnets can be utilized in spintronic devices, which
exploit the spin of electrons for information processing and
storage, potentially leading to faster and more efficient
technologies.11–14 Their unique magnetic configurations may
enhance data storage solutions, allowing for higher density
and faster access times in hard drives and memory devices.2

Additionally, helimagnets can be employed in highly sensitive
magnetic sensors, benefiting applications in industrial, auto-
motive, and consumer electronics.

Magnetoresistance (MR) is a key principle in spintronic
devices, leveraging both the charge and spin of electrons to
create more efficient electronic components, including
memory and logic circuits.15 Materials exhibiting large MR are
crucial for developing energy-efficient devices, which is par-
ticularly important for reducing power consumption in elec-
tronic applications. Investigating magnetoresistance in heli-
magnets opens new avenues for research and applications,
making it a critical area in materials science and condensed
matter physics.16–18 The unique magnetic properties of heli-
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magnets have been predicted to result in enhanced MR effects
in the helimagnetic regime compared to ferromagnetic
materials,19 potentially enhancing the efficiency and sensitivity
of sensors and memory devices.

Helimagnetic phenomena have been observed in a variety
of magnetic systems, such as MnSi,20 MnP,21,22 MnGe,23

MnAuS2,
14 DyTe3,

24 CrI2,
25 Cr1/3NbS2,

26–28 FexCo1−xSi
29 and

FeGe.30 However, a comprehensive understanding of their pro-
perties has remained elusive. Among these, manganese phos-
phide (MnP) has garnered significant attention due to its mul-
tifunctional magnetic, superconductive, thermoelectric, mag-
netocaloric, and magnetoresistive properties.13,31–34 Bulk MnP
exhibits a complex magnetic phase transition, transitioning
from paramagnetic (PM) to ferromagnetic (FM) at TC ≈ 291 K,
followed by an FM to helimagnetic (HM) transition at TN ≈
47 K.34 Nanostructuring has been reported to considerably
alter the HM behavior in MnP, with notable increases in the
FM–HM transition temperature (up to 110 K) in nanocrystal-
line films.22,35 The unique magnetic behavior of MnP, driven
by the Dzyaloshinskii–Moriya interaction (DMI), makes it a
promising candidate for emergent magnetism and magneto-
transport in heterostructure systems.

In a recent study, we discovered a large magnetoresistance
effect in MnP nanostructured films near the FM–HM tran-
sition by leveraging confinement, strain effects, and spin heli-
city.36 This highlights a novel strain-mediated spin helicity
phenomenon in nanostructured helimagnets, presenting a
promising pathway for developing high-performance magne-
toresistive sensors and spintronic devices. Further research
into such nanostructured helimagnets and their hetero-
structures, formed by interfacing MnP with other functional
magnetic materials, may lead to new materials with tailored
properties for specific applications in electronics and materials
science.

In this context, iron oxide (Fe3O4) emerges as an excellent
candidate for forming heterostructures with MnP. Fe3O4 pos-
sesses an inverse spinel crystal structure, where O2− ions are
arranged in a cubic close-packed manner.37–39 The unit cell
features two distinct cation sites, referred to as A and B sites. A
sites are occupied by Fe(III) ions, forming tetrahedral coordi-
nation, while B sites contain equal numbers of Fe(II) and Fe(III)
ions in octahedral coordination. This structure allows magne-
tite to be represented as [Fe3+]A[Fe

2+Fe3+]BO4. The electron
hopping between Fe3+ and Fe2+ at the B sites enhances conduc-
tivity compared to other iron oxides like Fe2O3 and FeO.37,38

Furthermore, the spins of Fe3+ at A sites and those of Fe2+ and
Fe3+ at B sites are antiferromagnetically coupled via superex-
change, giving Fe3O4 its ferrimagnetic properties.37 Fe3O4 also
exhibits a high Curie temperature (∼860 K) and high spin
polarization (∼100%), making it desirable for spintronics
applications.40 At room temperature, Fe3O4 behaves as a semi-
conductor, transitioning to an insulating state around 120 K
via the Verwey transition, which is accompanied by a structural
transformation from cubic inverse spinel to a monoclinic
phase.37,38,41 A substantial body of research has focused on the
magnetic, multiferroic, magnetoresistive, and spin-thermo-

transport properties of Fe3O4 films and heterostructures,
which aim to explore them for applications in spintronics and
spin-caloritronics.40,42–47

The formation of Fe3O4/MnP interfaces in bilayer structures
is expected to lead to novel magnetic and magneto-transport
phenomena due to proximity and exchange coupling effects,
as well as structural modifications at the interface.40,42,46

Structural changes around the Verwey transition of Fe3O4 may
significantly impact the Fe3O4/MnP interface coupling and the
higher MR behavior of MnP nanostructured films near the
FM–HM transition temperature. Using techniques such as
X-ray diffraction (XRD), atomic force microscopy (AFM), mag-
netic force microscopy (MFM), and temperature- and magnetic
field-dependent magnetometry and resistivity, our study sheds
light on the emergent magnetic and magnetoresistance
phenomena in Fe3O4/MnP heterostructures. We demonstrate
that the presence of a Fe3O4 layer can increase the MR effect by
13% in Fe3O4/MnP bilayers, with the MR ratio tunable by
varying Fe3O4 thickness. By introducing the “universal curve”
analytical method, we show that the intrinsic transport pro-
perties of MnP in the helimagnetic state are consistent across
samples, regardless of Fe3O4 thickness. Our findings pave the
way for developing novel heterostructures based on nano-
structured helimagnets with enhanced MR properties, meeting
the increasing demands of modern spintronic and sensor
devices.

Results and discussion
Structural characterization

Since the structural properties of the MnP films used in this
study were thoroughly characterized in our previous work,36 we
present here those of Fe3O4 layers (thickness, ∼7 and ∼58 nm)
deposited on top of the MnP films (average grain size of
∼86 nm, film thickness ∼100 nm) and Fe3O4/MnP bilayers. For
thickness determination, part of the MnP film was masked
during PLD growth of Fe3O4 to leave a bare reference region of
MnP. The AFM step-height across this boundary was measured
and the resultant profile is shown in Fig. S1. Presence of Fe
and O on MnP films were investigated by EDS. Fig. S2 shows
the obtained EDS spectra for Fe3O4/MnP bilayers. Fig. 1a
shows the XRD pattern of the Fe3O4 (58 nm)/MnP bilayer, with
reference to those of the MnP and Fe3O4 films. We observed
the characteristic peaks of Fe3O4 phase, specifically the (1 1 1),
(3 1 1), (2 2 2), and (5 1 1) reflections, which are consistent
with the Fe3O4 films grown on Si substrates. Additionally, the
Fe3O4 (58 nm)/MnP film displays (4 0 0) of Fe3O4 phase, which
is absent in Fe3O4 (62 nm)/Si film. Several diffraction planes of
MnP phase are present in the Fe3O4 (58 nm)/MnP bilayer, con-
firming that the MnP retains its orthorhombic structure (Pnma
space group) with lattice parameters of a = 5.259 Å, b =
3.173 Å, and c = 5.917 Å. Both Fe3O4 films, deposited on Si and
MnP, exhibit a face-centered cubic lattice structure with Fd3̄m
and F4̄3m space groups. The lattice parameters for Fe3O4

(62 nm)/Si and Fe3O4 (58 nm)/MnP/Si are a = 8.3963 Å and a =
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8.3941 Å, respectively. This indicates that the substrate plays a
critical role in the growth of Fe3O4 thin films.37,48 Fig. 1b
shows the room temperature Raman spectra of MnP/Si, Fe3O4

(58 nm)/MnP/Si, and Fe3O4 (62 nm)/Si samples. Raman active
modes of A1g of Fe3O4 in the Fe3O4/MnP bilayers and Fe3O4/Si
are observed at 667 cm−1 (668 cm−1). The peak positions of the
Raman spectra are basically consistent with the previously
reported data of Fe3O4 films.49–51 No additional iron oxide
phases were detected in the Raman spectra.

Topography images of Fe3O4 (7 nm)/MnP and Fe3O4

(58 nm)/MnP are displayed in Fig. 2(a and b). The root mean
square (RMS) roughness was determined to be 6.1 nm and
3.4 nm, respectively, for the 7 nm and 58 nm Fe3O4 films on
MnP. The bare MnP film exhibited a roughness of 6.5 nm. Luo
et. al have shown the correlation between the thickness of gra-
phene and the surface morphology of the substrate when
depositing graphene on Cu using chemical vapor deposition
method.52 Notably, in our study the intended thickness of this
deposition was ∼80 nm based on the calibrated thickness of
Fe3O4 on Si substrate (∼83 nm), even using the exact same
deposition conditions. This discrepancy suggests a difference
in the growth mechanism of Fe3O4 on MnP compared to that
on Si. This substrate roughness of MnP (6.5 nm) could explain
the deviation in film thickness from the calibrated thickness,

as the Fe3O4 (58 nm)/MnP film exhibits roughly half the rough-
ness of the MnP film. This suggests that during initial nuclea-
tion and growth, the Fe3O4 fills voids on the MnP surface.
Conversely, Fe3O4 on Si showed a significantly lower roughness
of 0.1 nm. Fe3O4 reference films were also deposited on Si sub-
strates. The target thicknesses were chosen to match as closely
as possible the Fe3O4 layers grown on MnP (7 nm and 58 nm).
Due to minor variations in PLD chamber conditions and
uncertainties in thickness measurement, the resulting Fe3O4/
Si reference films were ∼10 nm and ∼62 nm. These samples
are reported throughout the manuscript as Fe3O4/Si references.
It is generally accepted that the grain size of a thin film grows
when the film thickness increases.53 Our Fe3O4/Si films also
demonstrated this, as indicated by the AFM topography
images, Fig. S3(a–c). In contrast, the Fe3O4 (7 nm)/MnP/Si
shows a random size distribution of grain sizes from large to
small (inset of Fig. 2a and Fig. S4a) when compared to Fe3O4

(58 nm)/MnP/Si (inset of Fig. 2b and Fig. S4b).

Magnetic force microscopy analysis

MFM measurements were conducted on all samples at room
temperature, including Fe3O4 (10 nm and 62 nm) on Si, MnP
(100 nm) on Si, and their Fe3O4/MnP bilayers. Fig. 2(c and d)
presents MFM images of Fe3O4 (58 nm)/MnP/Si, revealing

Fig. 1 (a) X-ray diffraction (XRD) patterns of MnP/Si, Fe3O4 (58 nm)/MnP, and Fe3O4 (62 nm)/Si. The asterisk mark (black) indicates the XRD signal
from the sample holder and the asterisk (blue) is due to Si substrate. (b) Raman spectra of MnP/Si, Fe3O4 (58 nm)/MnP, and Fe3O4 (62 nm)/Si.
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bright and dark contrasts that indicate the presence of ran-
domly distributed magnetic domains. These domains are
aligned perpendicularly to the plane of the film. The domain
distribution of Fe3O4 (58 nm)/MnP/Si is comparable to that
observed in the Fe3O4 (62 nm)/Si film (Fig. S5a). Similar mag-
netic domain patterns in Fe3O4 films grown on SrTiO3:Nb
using PLD were reported by Wei et al.54 In MFM, the contrast
in the domain image arises from the magnetic force gradient
dF
dz

� �
between the sample and the MFM tip, which is pro-

portional to the stray field of the film.55 The root-mean-square
(RMS) value of phase shift (ΔϕRMS) is defined as

ΔϕRMS ¼
Q
K

dF
dz

� �
, where Q is the quality factor and K is the

spring constant of the tip.56,57 The Q value, K, and lift height
were kept constants for all measurements to ensure valid com-
parisons of the ΔϕRMS values across the bilayers and reference
films. At 300 K, the measured ΔϕRMS values were 0.6399 for
Fe3O4 (7 nm)/MnP, 0.8190 for Fe3O4 (58 nm)/MnP, 0.3532 for
MnP/Si, 1.1160 for Fe3O4 (62 nm)/Si, and 0.1160 for Fe3O4

(10 nm)/Si (Fig. S5d). These variations in ΔϕRMS reflect differ-

ences in the
dF
dz

and consequently, the underlying magnetic

domain structures and stray field strength. Notably, the

thinner layer (7 nm) of Fe3O4 on MnP shows a higher ΔϕRMS

value when compared to the Fe3O4 (10 nm) film grown on Si
(0.1160), indicating that MnP influences the magnetic pro-
perties of the Fe3O4 layer in Fe3O4/MnP.58

Since MFM is a surface-sensitive technique, the magnetic
contrast and RMS phase shift values primarily reflect the mag-
netic properties of the uppermost layers, with the Fe3O4 top
layer dominating the signal in the Fe3O4/MnP bilayer samples.
Comparing the Fe3O4/MnP bilayers with the bare MnP film
shows a stronger magnetic signal due to significant stray fields
of Fe3O4. When comparing the Fe3O4/MnP bilayers to Fe3O4/Si
films, differences in ΔϕRMS values arise from the distinct
growth behaviors on each substrate. Growth of Fe3O4 on MnP
introduces unique magnetic domain structures, possibly due
to strain, crystallographic orientation, or interfacial exchange
coupling. These effects are less significant in Fe3O4 films
grown on Si, where the magnetic domains follow a more
typical Fe3O4 pattern (Fig. S5b) when compared to Fe3O4 on
MnP (Fig. 2c). The MnP substrate likely alters the Fe3O4 growth
process, affecting domain size, or magnetic anisotropy,
which in turn impacts ΔϕRMS.

58 The influence of sitall-sub-
strate roughness on Ta2O5 film growth mechanisms was
studied by Sergeev et al., showing that the roughness of sitall-
substrates could lead to different sizes of grains and increased

Fig. 2 Atomic force microscopy (AFM) topography images of (a) Fe3O4 (7 nm)/MnP/Si and (b) Fe3O4 (58 nm)/MnP/Si; room temperature magnetic
force microscopy (MFM) images of (c) Fe3O4 (7 nm)/MnP/Si and (d) Fe3O4 (58 nm)/MnP/Si.
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intergranular stress.48 Rougher substrates may also reduce
the thickness of the upper layer by enhancing surface
diffusion and atom migration, leading to the filling of valleys
and smoothing of peaks. This explains the deviation in thick-
ness of the Fe3O4 films grown on Si and MnP. The rough
surface of MnP significantly influenced the growth of the
Fe3O4 (7 nm) film and its resulting magnetic properties, in
contrast to the Fe3O4 (10 nm) film grown on a smooth Si sub-
strate. The difference in grain size observed in Fe3O4 (7 nm)/
MnP/Si (inset of Fig. 2a) and its higher ΔϕRMS, as compared
to Fe3O4 (10 nm)/Si (Fig. S3c), further support this con-
clusion. On another note, the deposition of the Fe3O4 (7 nm)
layer on the rough surface of MnP may influence the mag-
netic behavior of the MnP film. A dual magnetic proximity
effect, arising from the interactions between the MnP and
Fe3O4 layers, likely contributed to the observed magnetic pro-
perties of the Fe3O4/MnP bilayers.59–61 In contrast, for the
Fe3O4 (58 nm)/MnP bilayers, the thicker Fe3O4 layer predomi-
nated the system’s magnetism, leading to similar trends in
both ΔϕRMS and MS of the Fe3O4 (58 nm)/MnP and Fe3O4

(62 nm)/Si configurations.

Magnetometry analysis

To understand the impact of Fe3O4 deposition on the magnetic
properties of MnP thin films, we conducted systematic temp-
erature- and magnetic field-dependent magnetization
measurements on all samples, including Fe3O4 (7 nm and
58 nm) on Si, MnP(100 nm) on Si, and their Fe3O4/MnP
bilayers, using the vibrating sample magnetometry (VSM)
option of the physical property measurement system (PPMS).
Fig. 3(a and b) shows the temperature dependence of in-plane
DC magnetization (M–T ) of Fe3O4 (7 nm)/MnP/Si and Fe3O4

(58 nm)/MnP/Si films measured under zero-field-cooled (ZFC),
field-cooled-cooling (FCC), and field-cooled-warming (FCW)
protocols in presence of a magnetic field 0.1 T. The magnetiza-
tion behavior of the Fe3O4/MnP bilayers exhibits significant
differences in the lower temperature region (<100 K) compared
to the bare MnP film (inset of Fig. 3a). Notably, the M–T curves
under ZFC indicate the larger magnetization values at 300 K
for Fe3O4 (7 nm)/MnP/Si (∼63 emu cm−3) and Fe3O4 (58 nm)/
MnP/Si (∼315 emu cm−3) than for MnP (∼17 emu cm−3). The
MS of the three films also follows the same trend of the magne-
tization at 300 K, as indicated in Fig. S5e. This reinforces the
interaction between the two materials in the bilayer structure,
which arises from the dual magnetic proximity effect.60 The
temperature-dependent magnetization trend at higher temp-
eratures (>200 K), continues to align with the bare MnP film.
In contrast, the Fe3O4 layers impact the magnetization profile
of the MnP, particularly at low temperatures (<200 K). The first
derivative of the M–T dependence of the Fe3O4/MnP bilayers
shows that the paramagnetic to ferromagnetic (PM–FM) tran-
sition of MnP (TC ∼306 K) remains nearly unchanged, appear-
ing at ∼304 K for Fe3O4 (7 nm)/MnP and ∼302 K for Fe3O4

(58 nm)/MnP (Fig. S6a). However, the ferromagnetic to heli-
magnetic (FM–HM) transition of MnP, typically observed
around TN ∼102 K, shifts to lower temperatures (∼90 K) in the

Fe3O4/MnP bilayers. It should be noted that the Verwey temp-
erature (Tυ), which was observed at approximately 118 K in our
Fe3O4/Si samples (Fig. S6b), where a noticeable slope change
in magnetization occurred in the M–T curve. This value is
close to the Verwey transition temperature of bulk Fe3O4 (Tυ
∼120 K).37 It is important to note that the presence of the
Fe3O4 layer on the MnP film had a negligible impact on the
PM–FM transition of MnP (approximately 300 K) but resulted
in a shift of the FM–HM transition to a lower temperature
(∼90 K) (Table S1). In the present bilayer system, however, we
find no noticeable shift in the PM–FM transition around
300 K, suggesting that the static strain from the Fe3O4 overlayer
is insufficient to modify MnP’s high-T ordering. By contrast,
the structural transformation of Fe3O4 during its Verwey tran-
sition (∼110–120 K) imposes a transient interfacial strain,
which is capable of perturbing the MnP layer and shifting its
low-temperature FM–HM transition. Additionally, previous
reports have highlighted the varying effects of strain (whether
tensile or compressive) on the FM–HM transition of MnP. Choi
et al. observed an increase in TN (approximately 100 K) in MnP
films, attributing this change to strain effects resulting from
the lattice mismatch between the epitaxial MnP film and the
GaAs substrate.62 Similarly, de Andrés et al. reported a signifi-
cant increase in TN from 47 K for bulk MnP to 67 K for MnP
films grown on GaP substrates, and 82 K for MnP nanocrystals
embedded in GaP epilayers, while the TC values remained
largely unchanged.63 They suggested that surface strains
induced by tensions in the MnP nanocrystals substantially
modify the helimagnetic structure, leading to the observed
increase in TN. In contrast, Sun et al. found a slight decrease
in TN (∼38 K) for a 2D MnP single crystal compared to its 3D
bulk counterpart (∼47 K).32 Gregg et al. reported complete sup-
pression of TN in 20 nm orthorhombic MnP nanorods with
their growth direction along the b-axis, suggesting that the
screw phase was entirely confined along the hard a-axis.64

Hirahara et al. demonstrated that applying tensile strain along
the a-axis of a MnP single crystal favored antiferromagnetic
(AFM) interactions over ferromagnetic (FM) ones, resulting in
the increased TN and decreased TC. Conversely, compressive
strain along the c-axis produced the opposite effects, yielding
lower TN and higher TC values.65 In the present study, the
increase in TN of the MnP nanocrystalline film (∼102 K), com-
pared to bulk MnP (∼47 K), is attributed to surface strains
induced by tension resulting from the nanostructuring effect.
The deposition of the Fe3O4 layer on the MnP film appears to
weaken the influence of these surface strains on the FM–HM
transition, thereby reducing the TN of the MnP film.
Additionally, the magnetic proximity effect induced by the
Fe3O4 layer could significantly contribute to the interfacial
magnetic coupling between the two layers, as indicated by the
MFM analysis.

To further clarify this, we measured the magnetic field-
dependent magnetization (M–H) curves across a broad temp-
erature range of 10 to 350 K for all samples, including MnP/Si,
Fe3O4 (10 nm)/Si, Fe3O4 (62 nm)/Si, Fe3O4 (7 nm)/MnP/Si, and
Fe3O4 (58 nm)/MnP/Si. A comprehensive analysis of these data
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reveals that the presence of the Fe3O4 (7 nm) layer significantly
enhanced the coercivity (HC) of Fe3O4 (7 nm)/MnP compared
to the bare MnP film, particularly within the temperature
range of 50–250 K where the Verwey transition of Fe3O4

(∼118 K) and the FM–HM transition of MnP (∼102 K)
occurred; a similar temperature-dependent coercivity trend
was observed for both cases though (see Fig. 3c). The tempera-
ture-dependent saturation magnetization of Fe3O4 (7 nm)/

MnP/Si is comparable with MnP/Si with a small increment
throughout the temperature region of 10–350 K (see Fig. 3d).
On the other hand, the highest MS of Fe3O4 (58 nm)/MnP/Si
supports the prominent effect of Fe3O4 when the layer thick-
ness increased. In the temperature regime of interest
(50–250 K), the shape of the M–H loops for the Fe3O4 (7 nm)/
MnP bilayer closely resembles that of the bare MnP film (see
Fig. 3(e and f)). These findings suggest that the presence of a

Fig. 3 Temperature dependence of in-plane magnetization (M–T ) of (a) Fe3O4 (7 nm)/MnP/Si and (b) Fe3O4 (58 nm)/MnP/Si. The inset of (a) rep-
resents the M–T dependence of MnP/Si under ZFC protocol at 0.1 T; temperature dependence of (c) coercivity (HC) and (d) saturation magnetization
for the three films; magnetic field-dependent magnetization (normalized) for the three films at (e) 125 K and (f ) 150 K for the in-plane (IP)
configuration.
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thin layer of Fe3O4 enhances magnetic coupling at the Fe3O4/
MnP interface, contributing to the overall enhanced magnet-
ism of the system (Fig. 3c and d). The situation is notably
different for the Fe3O4 (58 nm)/MnP bilayer, where the pres-
ence of the 58 nm-thick Fe3O4 layer, exhibiting soft ferro-
magnetic characteristics (see Fig. S6(c and d)), dominates the
overall magnetism of the system. This results in a significant
reduction in HC and a low-field shrinking loop shape at temp-
eratures below the TC of MnP (Fig. 3(e and f)).

Transport and magnetoresistance properties

To understand the effect of Fe3O4 deposition on the transport
and magnetoresistance properties of the MnP films, we con-
ducted temperature and magnetic field-dependent resistivity
measurements on the bare MnP film and Fe3O4/MnP bilayers
over a wide temperature range of 10–300 K. Fig. 4a illustrates
the temperature dependence of the longitudinal resistivity (ρ)
for MnP/Si, Fe3O4 (7 nm)/MnP/Si, and Fe3O4 (58 nm)/MnP/Si
films measured in zero magnetic field. A clear distinction is
observed between the resistivity profiles of the bilayer films
and the bare MnP film. The resistivity of MnP exhibits metallic
behavior, with a gradual decrease in resistivity as the tempera-

ture decreases to approximately 110 K. The minimum around
97 K, followed by an upturn (maximum at approximately 73 K),
is observed and attributed to the confinement and strain
effects, as well as magnetic phase coexistence and competition
in governing electron transport properties.36 In the Fe3O4-de-
posited MnP films, this resistivity minimum shifted to lower
temperatures, specifically to ∼85 K for Fe3O4 (7 nm)/MnP/Si
and ∼69 K for Fe3O4 (58 nm)/MnP/Si. Additionally, the peak of
the resistivity upturn, which occurred around 73 K in MnP/Si,
shifted to about 61 K for Fe3O4 (7 nm)/MnP/Si and 45 K for
Fe3O4 (58 nm)/MnP/Si. These shifts suggest that the presence
of the Fe3O4 layer significantly altered the electronic transport
properties of MnP, particularly in the low-temperature regime.
Guan et al. observed the effect of a capping layer (Fe3O4) on
the metal–insulator transition of La0.7Ca0.3MnO3 films due to
the Fe3O4/La0.7Ca0.3MnO3 interface effect.66 Furthermore,
Takahashi et al. noted an increase in resistivity with increasing
Fe3O4 thickness when grown on a metallic spacer layer, Au,
attributed to the interface between Fe3O4 and the metallic
spacer.67 In our study, we found that the overall resistivity of
the Fe3O4/MnP bilayers increased with the thickness of the
Fe3O4 layer.

Fig. 4 (a) The temperature-dependent resistivity under zero field for MnP/Si and Fe3O4/MnP/Si samples; longitudinal resistivity under in-plane mag-
netic fields of 0, 2, and 3 T within an enlarged temperature range of 8–150 K for (b) MnP/Si, (c) Fe3O4 (7 nm)/MnP/Si, and (d) Fe3O4 (58 nm)/MnP/Si.
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Fig. 4(b–d) shows ρ(T ) under magnetic fields of 0, 2, and 7
T across a temperature range of 10–150 K for MnP, Fe3O4

(7 nm)/MnP/Si, and Fe3O4 (58 nm)/MnP/Si. It is interesting to
note that for the bare MnP film, the application of magnetic
fields enhanced the resistivity at temperatures above approxi-
mately 75 K, while reducing it at lower temperatures (Fig. 4b).
This effect becomes even more pronounced with the appli-
cation of higher magnetic fields. A similar trend is observed
for the Fe3O4 (7 nm)/MnP bilayer (Fig. 4c), although the effects
are more pronounced due to the presence of the deposited
Fe3O4 (7 nm) layer. The case is different for the Fe3O4 (58 nm)/
MnP bilayer (Fig. 4d), where the effects of applied low (2 T)
and high (7 T) magnetic fields on resistivity differ significantly.
The application of a 2 T field increased the resistivity across
the entire temperature range of 10 to 300 K. In contrast, the 7
T field raised the resistivity at temperatures above 50 K but
reduced it at lower temperatures. This indicates that the mag-
netic fields have varying impacts on the magneto-transport
properties of Fe3O4/MnP bilayers depending on the thickness
of the Fe3O4 layer.

To further clarify this intriguing feature, we have performed
a thorough analysis of the MR data and display in Fig. 5 the
magnetic field-dependent MR profiles of the Fe3O4/MnP
bilayers, with reference to the MR profile of the bare MnP film

(Fig. S7). It can be observed that the Fe3O4 (7 nm)/MnP bilayer
shows a sign change of MR from positive to negative at ∼65 K
(see Fig. 5a and 6a), while the Fe3O4 (58 nm)/MnP bilayer exhi-
bits this sign change at ∼50 K (see Fig. 5b and 6a). Such
changes in MR sign resemble those of the bare MnP film,
where the MR sign change occurred at approximately 75 K
(Fig. S7). This sign change in the MnP film has been attributed
to the confinement and strain effects within the FM regime of
the MnP nanostructured film, which govern the transport pro-
perties and lead to the positive MR behavior in this region.36

The MR magnitude reaches its maximum at approximately
102 K, which corresponds to the FM–HM transition tempera-
ture of the MnP film (Fig. 6). The spin-dependent scattering
mechanisms at the grain boundaries in the MnP polycrystal-
line film are thought to be responsible for the positive MR
effect. It is noteworthy that the presence of the Fe3O4 layer sig-
nificantly enhances the positive MR effect of the bare MnP
film, with the magnitude of MR increasing as the thickness of
the Fe3O4 layer increases. The maximum MR ratio of the bare
MnP film increases by 20% with the 7 nm Fe3O4 layer and by
37% with the 58 nm Fe3O4 layer in the Fe3O4/MnP bilayers.
This enhancement in MR is attributed to proximity-enhanced
spin-dependent scattering at the Fe3O4/MnP interface.40 This
enables us to interpret the further enhancement of the MR

Fig. 5 In-plane (IP) magnetic field-dependent longitudinal magnetoresistance (MR) for (a) Fe3O4 (7 nm)/MnP/Si and (b) Fe3O4 (58 nm)/MnP/Si.
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ratio for Fe3O4/MnP/Si compared to MnP/Si when the applied
magnetic field is perpendicular to the plane of the film
(referred to as out-of-plane (OP) MR) (Fig. S8a), in comparison
with the in-plane (IP) MR case (Fig. 6a).

Furthermore, it is important to note that the peak of the
MR(T ) for the bare MnP film significantly shifts to lower temp-
eratures in the Fe3O4-deposited MnP films. Increasing the
thickness of the Fe3O4 layer further shifts the MR peak to even
lower temperatures (Fig. 6). However, the overall MR(T ) depen-
dence retains a similar trend for all the samples. This might
indicate the intrinsic transport characteristics of the MnP
nanocrystalline film in the helimagnetic regime. To validate
this, we have introduced a “universal curve” analytical method
by rescaling the MR ratios to their maximum values and temp-
eratures to the transition temperatures. The transition temp-
erature (Ttransition) is defined as the point where the MR at 7 T
becomes zero, with a sign change from positive to negative.
The respective Ttransition values for MnP/Si, Fe3O4 (7 nm)/MnP,
and Fe3O4 (58 nm)/MnP are indicated by color boundaries in
the MR(T ) graphs in Fig. S8(b–d). The MR ratios (%) at 7 T
were normalized with respect to their maximum values, MR
(%)/MR (%)max, for both the positive and negative sides of MR.
This normalized data was plotted against the rescaled temp-
erature (Trescaled), which is defined as follows.68

Trescaled ¼ � T � Ttransition

T1 � Ttransition

� �
forT � Ttransition

Trescaled ¼ T � Ttransition

T2 � Ttransition

� �
forT > Ttransition

where T1 and T2 are the reference temperatures fulfilling the

criteria,
T � Ttransition

T1 � Ttransition

� �
¼ T � Ttransition

T2 � Ttransition

� �
¼ constant ¼ n,

with n set to 0.5 in this study. It can be seen in Fig. 6b that the
MR/MRmax vs. Trescaled curves for all three samples nearly con-

verge onto a single master curve in the temperature range
corresponding to their respective FM–HM transition tempera-
tures. This confirms that the intrinsic transport properties of
the MnP nanocrystalline film in the helimagnetic regime are
identical across the samples, regardless of FO4 thickness.
Since Fe3O4 exhibits higher resistivity at temperatures below
the Verwey transition, when compared to MnP, it suggests that
the overall resistivity of the Fe3O4/MnP/Si films is dominated
by the MnP layer. This allows most of the current to tunnel
through the Fe3O4 layer and pass through the metallic MnP at
low temperatures (<120 K). As a result, the intrinsic transport
properties of the underlying MnP layer in the helimagnetic
state are revealed at temperatures below this temperature.66

To elucidate the underlying mechanisms driving the low-
temperature MR in our system, we first examine the correlation
between MR and the magnetization. As shown in Fig. S9a for
the MnP/Si film measured at 10 K, the MR maximum occurs at
the coercive field. The broad single-peak MR behavior
(Fig. S9a), compared with the sharp features in the first deriva-
tive of the M–H loops (dM/dH, inset of Fig. S9a), indicates that
the magnetoresistance arises from spin-dependent scattering
averaged over domain reversal rather than from abrupt magne-
tization switching in MnP.69–71 Fig. S9b shows a comparative
plot of MR and −(M/MS)

2 versus magnetic field at 10 K for
MnP/Si. The strong agreement in the hysteresis behavior and
peak positions confirms that the MR scales with the square of
the magnetization, indicating that spin-dependent scattering
is the dominant contribution to the observed negative MR.72,73

However, when similar analysis is extended to Fe3O4/MnP/Si,
deviations from −(M/MS)

2 scaling emerge. This suggests the
presence of additional transport contributions such as multi-
carrier conduction or interfacial scattering, which are not cap-
tured by the spin-scattering-only picture.

Finally, to get insight into the physical mechanism(s)
behind the observed magnetic field dependent transport pro-

Fig. 6 (a) Temperature-dependent longitudinal magnetoresistance (MR) ratio at 7 T for MnP/Si, Fe3O4 (7 nm)/MnP/Si, and Fe3O4 (58 nm)/MnP/Si
under an in-plane magnetic field and (b) the rescaled temperature-dependent normalized MR for the three films.
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perties of the Fe3O4/MnP bilayers, we have considered the
semi empirical formula by Khosla and Fischer (KF) and its
modification. The KF model explains the negative MR arising
from spin-dependent scattering of carriers by localized mag-
netic moments,74 but cannot fully capture the negative MR be-
havior in MnP/Si or Fe3O4 (7 nm)/MnP/Si. To improve the
fitting, we have employed the modified KF model, as expressed
in eqn (1).36,57

MRðHÞ ¼ �a2 lnð1þ b2H2Þ þ c2H2

1þ d2H2

� �
ð1Þ

where a = [A1JexD(EF){S(S + 1) + M2}]1/2,

b ¼ 1þ 4π2S2
2JexDðEFÞ

g

� �� �1
2 gμB

βkBT

� �
, A1 represents a constant

for the spin dependent scattering contribution to MR(H), Jex is
the s–d exchange integral. D(EF) is the density of state at Fermi
level, S represents the spin of the localized magnetic moment,
M2 is the average of the squared magnetization, g is the Lande

g-factor, kB is the Boltzmann constant, μB is the Bohr magne-
ton and T is the temperature. The coefficients c2 and d2 are

given by, c2 ¼ σ1σ2ðμ1 þ μ2Þ2
ðσ1 þ σ2Þ2

and d2 ¼ ðσ1μ2 � σ2μ1Þ2
ðσ1 þ σ2Þ2

, where σi

and μi represent the conductivity and mobility of ith carrier
channel, respectively. This modified model accounts for the
positive MR behavior observed in the samples at high tempera-
tures, which is influenced by contributions from two-carrier
conduction channels, while the negative MR dominates at low
temperatures.

The resulting fits for Fe3O4 (7 nm)/MnP/Si are shown in
Fig. 7(a–d), with fitting parameters (a, b, c and d ) for both
Fe3O4 (7 nm)/MnP/Si and MnP/Si listed in Table S2. A notable
deviation from the experimental data is observed at higher
fields (>|3| T) at ∼65 K for Fe3O4 (7 nm)/MnP/Si (Fig. 7d) com-
pared to MnP/Si (Fig. S10), suggesting the presence of an
additional scattering mechanism, beyond the spin-dependent
and impurity band scattering typically explained by the KF
model. Below ∼65 K, the MR data of the Fe3O4 (7 nm)/MnP

Fig. 7 In-plane (IP) magnetic field-dependent longitudinal magnetoresistance (MR) for Fe3O4 (7 nm)/MnP/Si at (a) 50 K, (b) 58 K, (c) 60 K, and (d)
65 K. The solid (red) lines represent the fitting curves using the equation of Khosla and Fischer (two band) model.
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bilayer, like for the bare MnP film, agrees well with the KF
model, indicating that the conventional scattering mecha-
nisms dominate at low temperatures. Interestingly, the OP MR
profile of Fe3O4 (7 nm)/MnP/Si (Fig. S11a) at 65 K reveals
additional peaks around ±5 T, which are absent in the IP MR
of Fe3O4 (7 nm)/MnP/Si (Fig. 7d) and the OP MR of MnP/Si
(Fig. S11b). This points to the presence of complex magnetic
interactions at the Fe3O4/MnP interface, which warrants
further investigation to fully understand the underlying pro-
cesses that influence the MR behavior in these bilayers.

Conclusion

In summary, this study demonstrates the successful growth of
Fe3O4/MnP bilayers using pulsed laser deposition on MnP/Si
substrates, with detailed structural, morphological, and mag-
netic characterizations. XRD and Raman spectroscopy con-
firmed the crystalline phases and proper growth of Fe3O4 and
MnP, with notable differences in lattice parameters and
surface morphology between Fe3O4 films grown on MnP and Si
substrates. The Fe3O4/MnP interface exhibited distinct mag-
netic properties compared to Fe3O4/Si, likely due to strain and
interfacial effects, as reflected in the surface roughness, grain
size distribution, and magnetic domain structure. Magnetic
force microscopy revealed stronger magnetic interactions and
higher stray fields in the Fe3O4/MnP bilayers compared to
Fe3O4/Si films, with variations in ΔϕRMS indicating substrate-
dependent growth mechanisms. Magnetometry measurements
indicate that the Fe3O4 layer significantly influences the mag-
netic properties of the MnP substrate, especially at lower temp-
eratures. A shift in the ferromagnetic to helimagnetic tran-
sition of MnP from ∼102 K to ∼90 K in the Fe3O4/MnP bilayers
was observed, attributed to strain-induced effects caused by
the structural changes of Fe3O4 during its Verwey transition.
The presence of the 7 nm-thick Fe3O4 layer enhances the
Fe3O4/MnP interface coupling, resulting in the enhanced coer-
civity and saturation magnetization in the Fe3O4 (7 nm)/MnP
bilayer compared to the bare MnP film. This can be attributed
to the dual magnetic proximity effect and the impact of the
structural transformation during the Verwey transition. In con-
trast, the strong soft ferromagnetic signal of the 58 nm-thick
Fe3O4 layer dominates the overall magnetism of the Fe3O4

(58 nm)/MnP bilayer.
Furthermore, the temperature-dependent resistivity of

Fe3O4/MnP bilayers revealed modifications in resistivity pro-
files due to the bilayer structure. The resistivity peak of MnP
shifted to lower temperatures in the bilayers, indicating inter-
facial effects and the influence of Fe3O4 Verwey transition on
the electronic transport properties of MnP. The MR magnitude
showed significant enhancement with the Fe3O4 deposition,
with thicker Fe3O4 layers (58 nm) yielding a greater MR effect
compared to thinner layers (7 nm), further supporting the
impact of interfacial coupling on the transport and magneto-
transport properties. Overall, the results highlight the critical
role of substrate and interfacial effects in determining the

magnetic and electronic properties of Fe3O4/MnP bilayers, pro-
viding valuable insights for spintronic device applications.
While our transport measurements suggest that Fe3O4 depo-
sition modifies the low-temperature electronic response of
MnP, direct studies of the valence band structure at the Fe3O4/
MnP interface are not yet available. Future experimental (e.g.,
ARPES, XPS) and theoretical work could provide deeper insight
into the electronic reconstruction at this interface and its role
in the observed transport phenomena.

Experimental methods

This study utilized MnP nanostructured thin films grown on Si
substrates (MnP/Si) at a substrate temperature of 500 °C using
molecular beam epitaxy. The growth of MnP has been docu-
mented elsewhere.34 The MnP films used in this work had an
average grain size of ∼86 nm (film thickness ∼100 nm), which
corresponds to the larger-grained films that in our previous
study exhibited a maximum MR of ∼40%, as opposed to the
smaller-grained (∼39 nm) films that showed ∼90% MR.36

These larger-grained MnP films are chosen here as the base-
line to evaluate the enhancement achievable by Fe3O4 overlayer
deposition.

The MnP film was chemically cleaned (30 min in acetone,
30 min in methanol and 30 min in DI water with sonication)
prior to characterizations, magnetic and transport measure-
ments. Fe3O4 films with thicknesses of 7 nm and 58 nm were
deposited on chemically cleaned MnP (Fe3O4/MnP/Si), while
Fe3O4 films with thicknesses of 10 nm and 62 nm were grown
directly on Si (Fe3O4/Si) using the pulsed laser deposition
(PLD) technique. For the ablation, a focused KrF excimer laser
(248 nm) and a commercially available Fe3O4 target were
employed. The substrate temperatures for both Si and MnP
during growth were maintained at 350 °C, with the chamber
pressure held at 2 × 10−5–2.2 × 10−5 Torr. The laser fluence was
set at 2 J cm−2, and the target-to-substrate distance was kept at
6 cm during deposition, with a repetition rate of 6 Hz. After
deposition, the films were cooled to room temperature at a
rate of 2 °C min−1 under the same chamber conditions as
during growth. The presence of the Fe3O4 phase in the films
was verified using Raman spectroscopy. Crystallinity of the
MnP/Si, Fe3O4/MnP/Si bilayers, and Fe3O4/Si was assessed
through X-ray diffraction (XRD, RIGAKU SmartLab). The pres-
ence of elements (Fe, O, Mn and P) in Fe3O4/MnP bilayers were
confirmed using energy dispersive spectroscopy (EDS, Hitachi
SU-70). Morphological analysis was performed using scanning
electron microscopy (SEM, JEOL JSM-6390LV), while topogra-
phy and root-mean-square (RMS) roughness were determined
by atomic force microscopy (AFM, Hitachi AFM5300E) at room
temperature and under vacuum. Magnetic domain images of
the MnP and Fe3O4/MnP bilayers were captured using mag-
netic force microscopy (MFM) under similar conditions.
Magnetometry and resistivity measurements were conducted
using vibrating sample magnetometry and DC resistivity
options of a Quantum Design Physical Property Measurement
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System. Temperature-dependent magnetization (M–T ) was
measured under three protocols: zero-field cooling (ZFC), field-
cooled cooling (FCC), and field-cooled warming (FCW) across a
temperature range of 10 K to 350 K under a 0.1 T magnetic
field. Field-dependent magnetization (M–H) was assessed under
magnetic fields of ±5 T within the same temperature range for
the MnP and Fe3O4/MnP bilayers. Finally, temperature-depen-
dent resistivity (ρ(T )) and magnetic field-dependent longitudi-
nal and transverse resistivity (MR) measurements were per-
formed using a standard four-probe configuration across a
temperature range of 10 K to 350 K and under magnetic fields
of +7 T to −7 T (unipolar sweep). In this configuration, the mag-
netic field (H) were applied either along the plane of the film
(IP) or perpendicular to the plane of the film (OP).
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