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ABSTRACT: Two-dimensional (2D) spintronic devices
based on van der Waals (vdW) heterostructures have
potential applications in magnetic sensing and data
storage. Here, we report vdW heterostructures
fabricated by stacking an exfoliated ultrathin black
phosphorus (BP) or violet phosphorus (VP) spacer
between two exfoliated ferromagnetic Fe;GeTe, (FGT)
electrodes. The devices achieve high
magnetoresistance (MR) ratios of 40.4% and 31.5% for
the FGT/BP/FGT and FGT/VP/FGT heterostructures at
low temperature, respectively. The magnitude of MR
can be tuned by bias current and spacer thickness.
Moreover, magnetotransport measurements confirm
robust spin valve effect, showing angular-independent
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MR in FGT-based heterostructures. Our work opens a new avenue for the application of monoelemental phosphorus as

spacer in novel spintronic devices.
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1 Introduction

Spin valves are essential spintronic components, widely utilized in
applications such as memory devices [1, 2], logic gates [3], and
magnetic sensors [4]. Their fundamental operation relies on the
magnetoresistance (MR) effect, whereby the device resistance
changes according to the relative alignment—parallel or
antiparallel—of two ferromagnetic electrodes [5-8]. Achieving a
substantial MR ratio requires maintaining high spin polarization of
electrons across the spacer and interfaces, which remains a central
challenge in spintronics [9, 10].

All-two-dimensional (2D) spin valves based on van der Waals
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(vdW) heterostructures not only ensure high-quality interfaces
assembled by pristine 2D crystals without degradation, but also
avoid the common obstacles in traditional magnetic heterostructure
growth such as lattice mismatch and atom interdiffusion [11, 12].
In particular, Fe;GeTe, (FGT) exhibit superior characteristics
among the identified vdW magnetic materials, including metallic
properties [13, 14], perpendicular magnetic anisotropy [15-19],
enhanced stability at atomic scales [20, 21], and a relatively high
Curie temperature (T¢) of 220 K [22-25]. These features make FGT
a promising ferromagnetic electrode for vdW spin-valve and
magnetic-tunnel-junction-type heterostructures [26]. Nevertheless,
the preservation of its magnetic robustness in vertical spin-
dependent transport must be verified at the device level. Angular-
independent MR is therefore important because it demonstrates
that the resistance signal remains governed by two bistable
magnetization configurations rather than by continuous
magnetization rotation under tilted magnetic fields, enabling stable
magnetic-state readout for nonvolatile spintronic applications [27].
Previous studies have shown that methods to achieve a larger MR
ratio in 2D spin valves include increasing the spin polarizability of
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2D magnetic materials and selecting more suitable spacers (such as
longer spin diffusion lengths, As). In the research process of spin
valves based on FGT, researchers selected multiple types of 2D
semiconductors, such as MoS,, WS, and WSe,, as spin transport
channel spacers, which showed MR values ranging from 0.45% to
25% at 10 K [28—30]. These values remain far below the thresholds
necessary for industrial applications. Advancing spin-valve
performance therefore depends critically on the identification of
superior spacer materials or device architectures.

Monoelemental vdW crystals such as black phosphorus (BP) and
violet phosphorus (VP) provide a highly promising platform for
spin valve spacers. Compared with graphene (a zero-bandgap
semimetal) and #-BN (a ~ 6 eV wide-bandgap insulator) [31], black
phosphorus is a single-element layered material bonded by weak
vdW forces between layers, allowing easy exfoliation to obtain two-
dimensional black phosphorus with single or few layers. Bulk black
phosphorus possesses a direct bandgap (~ 0.3 eV), and the bandgap
gradually increases with decreasing layer numbers, indicating that
BP has a tunable bandgap (2 eV in the monolayer) [32].
Furthermore, BP has high carrier mobility, weak spin-orbit
coupling and long spin diffusion lengths (~ 6.15 um [33]). It has
been theoretically predicted that a relatively large MR ratio in BP-
based spin valves, while a MR ratio of 0.57% was experimentally
observed in NiFe/BP/NiFe spin valve at low temperature of 4 K
[34]. Recently, M. Galbiati et al. experimentally observed a high MR
ratio (500%) in the Co/BP/Co spin valve at 2 K [35]. As a layered
vdW semiconductor, VP shows superior thermal stability
compared with BP. Also, monolayer VP is expected to have a wide
bandgap (~ 2.5 eV) and high carrier mobility (holes up to
~ 7000 cm?’/(V-s)) [36]. These properties position BP and VP as highly
promising spacer candidates for next- generation spintronic devices.

We systematically investigated the magnetotransport properties
of the FGT/BP(VP)/FGT vdW heterostructure. These
heterostructures exhibit a notable MR ratio exceeding 40% at 5 K,
successfully demonstrating a vertical spin-valve structure based on
BP and VP and yielding a relatively large MR response. Moreover,
by rotating the magnetic field direction, we discovered isotropic
MR behavior—an important finding that originates from strong
PMA and domain-wall-motion-mediated magnetization reversal of
FGT. These results confirm the viability of BP and VP as efficient
spin-transport channels and underscore their potential for
application in spin valves with angular-independent MR
characteristics.

2 Experimental section

2.1 Sample preparation and characterization

High-quality FGT single crystals were synthesized using chemical
vapor transport (CVT) method with iodine as the transport agent.
A mixture of high-purity elemental powders—Fe (99.9%), Ge
(99.999%), and Te (99.999%)—were combined with I, in a molar
ratio of 3:1:2:0.1, sealed in a quartz tube, and placed in a two-zone
tube furnace. The growth process involved a carefully controlled
heating sequence. The entire furnace was initially heated to 625 °C
at a rate of 1 °C/min to minimize thermal stress. Then, the source
zone was rapidly heated to 800 °C within 1 h, establishing a stable
temperature gradient of 800 (source) to 625 °C (growth zone). The
temperature profile was maintained for 4 days to facilitate vapor
transport and single crystal nucleation. BP, VP, and h-BN crystals
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are commercially obtained from Nanjing Muke Nano Technology
Co,, Ltd.

2.2 Device preparation

Devices were fabricated on a SiO,/Si substrate with pre-patterned
Ti/Au (5/15 nm) electrodes, defined by standard lithography and
thermal evaporation. Single-crystal FGT was mechanically
exfoliated into few-layer flakes using adhesive tape. A flake of
suitable thickness and morphology was selected via optical
microscopy while adhered to a polydimethylsiloxane (PDMS)
stamp and subsequently transferred onto the electrodes using a dry
transfer method. The vdW heterostructure was fabricated by
sequentially transferring a spacer (either BP or VP) and the top
FGT layer onto the bottom FGT layer. To protect the structure
from oxidation, it was encapsulated with an h-BN layer, followed by
baking at 120 °C for 10 min to improve the interfacial contact. All
exfoliation and transfer steps were carried out in an Ar-filled glove
box (O, < 0.1 ppm, H,0 < 0.1 ppm).

2.3 Device measurements

Electrical and magneto-transport measurements were carried out
using a physical property measurement system (ColdTUBE™,
MultiFields). For the DC transport characterization, a two-terminal
configuration was employed utilizing a precision current source
(Keithley 6221) and a nanovoltmeter (Keithley 2182A).

3 Results and discussion

In this study, we have fabricated FGT single crystals via CVT method.
The crystal structure of FGT was determined by X-ray diffraction
(XRD) analysis. There are only (00) diffraction peaks observed in
XRD pattern (Fig. S1(a) in the Electronic Supplementary Material
(ESM)), demonstrating the oriented growth of FGT single crystal
along the c-axis. The sharp diffraction peaks further verify the high
crystallinity of the FGT single crystal. In addition, the Raman
spectra exhibit three characteristic peaks of FGT located at
approximately 95.8, 1240, and 138.0 cm”, corresponding
respectively to E} , E; , and Aj modes [37], as shown in Fig. S1(b)
in the ESM. Figure 1(a) shows a cross-sectional high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image of mechanically exfoliated FGT nanoflakes, showing
the periodically ordered atomic arrangement. In the atomic lattice
structure of Fe,GeTe, Fe,Ge slabs are sandwiched between Te
atomic layers, forming a classic sandwich structure, consistent with
the crystal structure. The measured interplanar spacings
corresponding to the (002) and (110) planes are approximately 0.81
and 0.35 nm. The above results reveal that high-quality FGT single
crystals have been successfully synthesized via CVT. The
anomalous Hall effect (AHE) is a key tool for probing the magnetic
transport properties of devices. We prepared three FGT nanoflake
devices with different thicknesses (11, 20, and 36 nm), as shown in
Fig. S2 in the ESM. Figures 1(b)-1(d) present anomalous Hall
resistance (R,) as a function of temperature for three devices,
measured under an out-of-plane (OOP) magnetic field sweeping
between +0.5 T. In the temperature range of 10 to 200 K, R, -H
curves remain approximately square-shape, demonstrating strong
PMA in FGT nanoflakes. Furthermore, three FGT nanoflakes show
similar temperature-dependence of the coercivity H. (Fig. 1(e)).
Due to the thermal fluctuation, H, decreases with increasing the
temperature and vanishes at about 200 K, suggesting T = 200 K.
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Figure1 Crystal structure and magnetotransport properties of typical exfoliated FGT nanoflakes. (a) HAADF-STEM image (left view) and the atomic lattice structure
(right view) of FGT. (b)-(d) Hall resistance R,, versus OOP magnetic field for the FGT Hall bar devices with three different thicknesses at the temperature ranging from

10 to 200 K. (e) H. as a function of temperature.

The He in the 11 nm FGT nanoflake reaches ~ 4950 Qe at 10 K,
while exhibiting a pronounced negative correlation with sample
thickness—a trend attributed primarily to surface spin disorder
pinning and interlayer exchange coupling. The magnetic properties
were further verified via magneto-optical Kerr effect (MOKE)
measurements (Fig. S3 in the ESM). The relatively high T, large
H,, and robust PMA of exfoliable FGT nanoflakes make them a
viable candidate for high-performance ferromagnetic electrodes.
Subsequently, FGT was employed in spintronic heterostructures
to investigate their magnetotransport properties. Figures 2(a) and
2(d) show optical images and schematic diagrams of
FGT/BP(VP)/FGT heterostructure, respectively. Atomic force
microscopy (AFM) characterization of the heterostructures (Fig. $4
in the ESM) determined the thicknesses of the nonmagnetic
spacers, with BP and VP measured at 7 and 8.5 nm, respectively.
Raman spectroscopy further confirms the phase identity of the
spacers (Fig. S5 in the ESM). The characteristic peaks of BP appear
at 361, 438, and 466 cm™ corresponding to A, B,,, and A3 modes
[38], respectively, whereas VP exhibits vibrational features
consistent with those reported for violet phosphorus [39].
Figures 2(b) and 2(e) present nonlinear I-V curves measured at
10 K, indicating that no Ohmic contact between FGT and BP (VP).
As shown in the inset of Figs. 2(b) and 2(e), the resistance presents
a non-monotonic temperature dependence: it initially decreases at
low temperature and then increases at higher temperature. Such an
increasing trend may be related to the strong hybridization between
P atoms and Fe/Ge/Te atoms [40]. Next, we measured the
magnetotransport property of heterostructures with OOP magnetic
field at low temperature under a bias current of 50 nA, as shown in
Figs. 2(c) and 2(f). At the positive saturated magnetic field, parallel
(P) alignment of the magnetic moments in the upper and lower
FGT give rise to a low resistance (R;). With decreasing magnetic
field, there appears a plateau on MR curves because of the
difference of H. in the upper and lower FGT, while antiparallel
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(AP) alignment of the magnetic moments on the plateau lead to a
high resistance (R,;) [41-43]. Based on MR curves, the MR ratio
can be calculated by Eq. (1)

Ryp —Re
Ry

The MR ratio for FGT/BP/FGT and FGT/VP/FGT
heterostructure are 40.4% and 31.5%, which are comparable to
those reported in FGT-based devices [28-30]. Furthermore, the
coercivities of FGT are different with decreasing and increasing
magnetic field. It has been reported in the literature that the
magnetization reversal is dominated by domain wall motion in
Fe,GeTe, [44].

In FGT/BP/FGT and FGT/VP/FGT heterostructure, the
observation of asymmetric magnetic switching behavior may be
related with the pinning effect arising from defects and impurities.
Notably, increasing the spacer thickness drastically reduces MR
ratio. For instance, the MR ratio of FGT/BP (10 nm)/FGT decreases
by two orders of magnitude compared to the heterostructure with a
thinner spacer of 7 nm (Figs. S6 and S7 in the ESM). As the BP
spacer thickness increases, longer transport path of spin-polarized
electrons induces enhanced spin scattering in the spacer, which
degrades the spin polarization and thus significantly lowers the MR
ratio, highlighting the critical role of spacer dimensions in
magnetotransport behavior.

The bias currents dependence of fabrication FGT/BP/FGT and
FGT/VP/FGT heterostructures were measured by MR versus OOP
field curves. As shown in Fig. 3(a), the pronounced spin valve effect
is observed across bias currents from 50 nA to 10 pA at 5 K in the
heterostructure with BP spacer. Furthermore, FGT/VP/FGT
heterostructure shows the spin valve effect in a wide bias currents
range from 1 nA to 5 pA at 10 K. Notably, the effect remains stable
even at very low bias currents down to 1 nA, indicating the
potential applications in the lower-power device. At a bias current

MR =

(1)
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Figure2 Electrical and magnetotransport properties of the FGT/BP(VP)/FGT heterostructures. (a) Optical image of FGT/BP/FGT heterostructure. Inset: schematic
diagrams. (b) I-V curve of FGT/BP/FGT heterostructure measured at 10 K. Inset: temperature dependence of resistance. (c) MR versus OOP magnetic field curve at 5 K
(bias current: 50 nA). (d) Optical image of FGT/VP/FGT heterostructure. Inset: schematic diagrams. (e) I-V curve of FGT/VP/FGT heterostructure measured at 10 K.
Inset: temperature dependence of resistance. (f) MR versus OOP field curve at 10 K (bias current: 50 nA).

of 50 nA, we observe a maximum MR ratio of 40.4% followed by a
decrease trend as the bias current increases to 10 pA in
heterostructure with BP spacer (Fig. 3(c)). Moreover, with
increasing bias current, MR ratio exhibits an overall decreasing
trend in the heterostructure with VP spacer. In the FGT/BP/FGT
and FGT/VP/FGT heterostructures, bias current dependence on
MR ratio is primarily attributed to the higher-energy electrons
being scattered by localized trap states within the BP (VP) layers or
at the interface. To further understand the temperature dependence
of MR, we also performed the magnetotransport measurements at
the temperature range from 10 to 180 K (Fig. 3(b)). As shown in
Fig. 3(d), an almost monotonic decline in MR is observed with the
temperature for both FGT/BP/FGT and FGT/VP/FGT
heterostructures, originating from the decrease of the spin
polarization of FGT with temperature increasing. Based on the
Julliere model [7], the spin polarization P of FGT can be calculated
by Eq. (2)
PZ

1-P

The estimated large P are 36.9% (MR = 31.5%, FGT/VP/FGT)
and 30.6% (MR = 20.6%, FGT/BP/FGT) at 10 K, which are larger
than reported for FGT/MoS,/FGT (MR = 3.1%, P = 12.3%, 10 K)
[28], as shown in Fig. S8 in the ESM. However, compared with
other FGT-based heterostructures, such as FGT/InSe/FGT [45]
(MR = 41%, P = 41%, 10 K) and FGT/MoSe,/FGT [46] (MR =
42%, P = 41.6%, 10 K), the maximum P (36.9%) remains lower
value. That is to say, choosing the appropriate spacer maybe further
improve the spin polarization of FGT-based heterostructures. In
addition, using Bloch’s law, temperature-dependent spin
polarization P can be well fitted by Eq. (3)

MR (2)

P(T) = P,(1—aT?) 3)
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where P, and « represent the spin polarization at 0 K and a
constant relating to materials, respectively [47]. The « for FGT/VP/
FGT and FGT/BP/FGT devices are almost the same value (2.5 x
10*and 2.6 x 10 K™?), which are comparable to values reported in
previous studies for FGT-based heterostructures [26, 28, 45].

The resistance-field (R-H) curves for FGT/BP/FGT and
FGT/VP/FGT heterostructures were measured at 100 K under 360°
field rotation, as shown in Figs. 4(a) and 4(b). When the angle
between applied magnetic field and the substrate normal (8) is
increased from 0° to 360°, MR shows no angular dependence and
remains isotropic for our heterostructures with different spacers
(Fig. 4(c)). In contrast, FGT/VP/FGT heterostructure shows higher
MR ratio compared to that with BP spacer in the angle range from
0° to 360° originating from the higher spin polarization in
FGT/VP/FGT heterostructure. The H for the two FGT layers can
reach maximum values in the in-plane (IP) direction (6, = 90° and
270°) (Fig. 4(d) and Fig. S9 in the ESM), while the H. display very
small values in OOP direction (6, = 0° and 180°), indicating strong
angular-dependence in the two heterostructures. Additionally, a
sharp rise in H; occurs as the magnetic field approaches IP
direction, following a steady increase during its rotation from OOP
direction. When the thickness of BP spacer increases to 10 nm, we
also observe angular-independent MR and angular-dependent H,
in another fabricated FGT/BP/FGT devices (Fig. S10 in the ESM).
In addition, we change the spacer to WSe,, the similar behaviors
(isotropic MR and anisotropic H with angle 0y) are also observed
in FGT/WSe,/FGT heterostructure (Fig. S11 in the ESM). To clarify
the origin of the angular-independent MR, we performed angle-
dependent AHE measurements on FGT nanoflake at 100 K (Fig.
S12(a) in the ESM). As shown in Fig. S12(b) in the ESM, R, at
saturated magnetic field does not change continuously with 6y,
but stays near two stable levels over a broad angular range, with
abrupt changes only in narrow angular windows. Based on R,
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Figure3 Magneto-transport measurements for FGT/BP(VP)/FGT heterostructures. (a) MR versus OOP magnetic field curves measured with various bias currents for
FGT/BP/FGT heterostructure (5 K, top panel) and FGT/VP/FGT heterostructure (10 K, bottom panel). (b) MR versus OOP magnetic field curves measured at the
temperature range from 10 to 180 K with a fixed bias current for FGT/BP/FGT heterostructure (5 pA, top panel) and FGT/VP/FGT heterostructure (50 nA, bottom
panel). (c) MR versus bias currents. (d) Temperature dependence of MR. Blue lines and red lines represent BP and VP spacer, respectively.
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Figure4 Angular dependence of MR in van der Waals heterostructures at 100 K. (a) and (b) MR as a function of applied magnetic field (R-H) curves for FGT/BP/FGT
(a) and FGT/VP/FGT (b), measured at different angles 6, (6, is defined as the angle between applied magnetic field and the substrate normal). (c) Angular dependence

of the MR ratio for FGT/BP/FGT (blue line) and FGT/VP/FGT (red line). (d) Polar plot of the coercivities H in FGT/BP/FGT.

versus 8y, magnetization orientation angle (6) can be calculated

by Eq. (4) [48]

6, = arccos (

The extracted 6, — 6, relation shows that the magnetization

(B i £+ 4mme | Sci@pen

R, (6, =0)

R, (6u)

)

remains close to two out-of-plane orientations and switches

abruptly between them, instead of continuously rotating toward the
field direction, as shown in Fig. S12(c) in the ESM. This behavior

(4)

reflects the strong PMA of FGT. The magnetic field mainly drives

transitions between bistable perpendicular magnetic configurations,
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Nano Research, 2026, 19, 94908859


https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859
https://www.sciopen.com/article/10.26599/NR.2026.94908859

Tian et al.

Nano Research | Vol. 19, No. 10

motion rather than coherent rotation, which is consistent with
previous work on domain wall motion in vdW ferromagnet FGT
[44]. Since the MR is governed by the relative magnetization
configuration of the two ferromagnetic electrodes, such discrete
switching keeps the heterostructures predominantly in parallel or
antiparallel states over most field angles. The properties of angular-
independent MR and angular-dependent H. in the FGT-based
heterostructure maybe originate from PMA and domain-wall-
motion-mediated magnetization reversal of FGT.

In FGT-based vdW spintronic heterostructures, large MR ratios
of ~ 160% and ~ 120% have been reported at 4.2 K for devices with
h-BN [26] and WSe, [49] spacers, respectively. At the temperature
of 10 K, our FGT/monoelemental phosphorus heterostructures
show comparable MR ratios (40.4% for BP and 31.5% for VP)
(Fig. 5(a)), compared with other heterostructures with different
spacers [28-30, 45, 46]. To further analyze higher MR ratios in our
heterostructures, the spin-dependent transport properties were
calculated within the framework of density functional theory (DFT)
combined with the non-equilibrium Green’s function (NEGF)
formalism, as implemented in the Nanodcal software package [50].
The atomic structure of FGT/BP/FGT is shown in Fig. 5(b). The
spin-summed transmission coefficients for P and AP alignments of
the magnetization direction in the top and bottom FGT layers show
energy-dependent behaviors (upper panel of Fig. 5(c)). Moreover,
compared with the parallel state, lower transmission coefficients of

(a)
160} @)
h-BN [26]
(4.2 K)
140}
120}
@®
100l WSe, [49]
. (4.2 K)
X
80
=
60t This
[46] [45] work
MoSe, InSe
40t Co @ BP
WSe.2 [30] .
20¢t
{,%,%] MoS, [28]
o e ©
2D spacer

AP state in the entire energy range indicates a higher-resistance
regime, which is consistent with our experimental results. Based on
these transmission coefficients, the calculated MR ratio in the
heterostructure reaches the maximum of 89,104% at 0.32 eV below
the Fermi level, and it is about 502% at the Fermi level (lower panel
of Fig. 5(c)), implying the potential application of the heterostructure
in the spintronics.

4 Conclusions

In summary, we report a magnetoresistive spin valve effect in vdW
heterostructures of FGT/BP/FGT and FGT/VP/FGT. The observed
nonlinear I-V curves demonstrate the tunneling barrier behavior of
BP/VP in the heterostructures. The FGT/BP/FGT and
FGT/VP/EGT heterostructures exhibit MR ratios of 40.4% and
31.5%, respectively. The MR ratio exhibits a strong dependence on
bias current and thickness of monoelemental phosphorus tunnel
barrier. Interestingly, our FGT-based heterostructures exhibit an
isotropic MR regardless of applied magnetic field orientation,
originating from PMA and domain-wall-motion-mediated
magnetization reversal of FGT with respect to the applied field,
which realizes the development of robust memory devices enough
to function in arbitrary or uncontrolled magnetic environments.
This study paves the way for the development of novel spintronic
devices with magnetic field angular-independent MR.

(b) ——— T
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Figure5 Comparison of MR for all-vdW FGT/spacer/FGT heterostructures from previous reports and first-principles calculation of spin-dependent transport properties
in FGT/BP/FGT heterostructure. (a) Benchmark comparison of MR ratios for different FGT/spacer/FGT devices at low temperature (4.2 K for h-BN [26] and WSe, [49],
10 K for MosS, [28], WS, [29], InSe [45], MoSe, [46] and WSe, [30]). Data from this work is highlighted with brown arrows. (b) Atomic configuration of FGT/BP/FGT
heterostructure. (c) Spin-summed transmission coefficients for parallel and antiparallel alignments of the magnetization direction in the top and bottom FGT layers, and

the derived MR ratio as a function of electron energy (Fermi level = 0).
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