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Ferromagnetic semiconductors, coupling charge transport and magnetism via
electrical means, show great promise for spin-based logic devices. Despite
decades of efforts to achieve such co-functionality, maintaining ferromagnetic
order at room temperature remains elusive. Here, we address this long-
standing challenge by implanting dilute Co atoms into few-layer black phos-
phorus through atomically-thin boron nitride diffusion barrier. Our Co-doped
black phosphorus-based devices exhibit ferromagnetism up to room tem-
perature while preserving its high mobility (~1000cm?V~'s-1) and semi-
conducting characteristics. By incorporating ferromagnetic Co-doped black
phosphorus into magnetic tunnel junction devices, we demonstrate a large
tunnelling magnetoresistance that extends up to room temperature. This
study presents a new approach to engineering ferromagnetic ordering in
otherwise nonmagnetic materials, thereby expanding the repertoire and
applications of magnetic semiconductors envisioned thus far.

The quest for ferromagnetic-and-semiconducting systems that elec- as a magnetic transistor, yet the Curie temperature (7) is still below
trically function at room temperature poses significant challenges’. 160 K. Conventional dilute magnetic semiconductors (DMSs) based on
The recent 2D magnets such as Crl;*>* and CrSBr® can combine electric-  substitutional magnetic doping of nonmagnetic semiconductors®®
field tunable charge transport and spin configuration, which manifests  (e.g. II-VlI CdTe®, IlI-V GaAs*"°, InAs""? or GaSb™", oxides like (TiO,",
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Zn0'%"), SiGe' and 2D transition-metal dichalcogenides'®*?) provide
alternative solutions for high 7 up to room temperature. However,
magnetic doping typically degrades the mobility of DMSs to a mere
few cm2V~1s122* or limits gate-tunability'®*. A room-temperature
ferromagnet that simultaneously exhibits critical semiconducting
characters such as high mobility, a high ON/OFF ratio, and a low sub-
threshold swing remains elusive.

Doping of semiconducting van der Waals (vdW) materials can be
minimally invasive to the electronic structure and thus well suited to
incorporate magnetism in layered semiconductors®. Here black
phosphorous (BP) could be employed as a model 2D semiconductor to
demonstrate such doping® owing to its unique semiconducting fea-
tures such as a moderate band gap?”, record electron mobilities?*>°,
room-temperature micron-scale spin relaxation lengths”, high spin
anisotropy*? and suitability for cobalt (Co) doping to yield ferromag-
netic (FM) order®. Previous intercalation studies on BP with non-
magnetic adatoms show that the electronic mobilities of intercalated
BP can even increase compared to few-layer pristine BP?. These
characteristics render BP an attractive platform for intercalation with
magnetic adatoms, presenting an opportunity to realize gate-tunable
room-temperature magnetism while preserving its intrinsic semi-
conductor properties.

In this paper, we study the magneto-transport properties of the
resulting Co-doped BP devices, fabricated in both the lateral geometry
and the vertical geometry. In the lateral configuration, we observed
gate-tunable anomalous Hall effect and hysteretic in-plane magne-
toresistance (MR); in the vertical junction, we observed bias-and-gate
tunable tunnelling magnetoresistance (TMR) up to room temperature.
Our results establish dilute Co-intercalated BP as a gate-tunable mag-
netic semiconductor operating up to room temperature, showcasing
its potential for versatile applications in spintronics and magneto-
electronics.

Results

Our density-functional theory (DFT) suggests that BP intercalated with
a few percent of Co (See schematics in Fig. 1a) can be FM**™ (Sup-
plementary Notes 1-2). Here, the hybridization with native p-derived
bands of BP is minor, so the intercalated Co atoms induce little charge
transfer to BP, preserving its ambipolar gate-tunability. We define
“majority” and “minority” spin states as the population imbalance
between spin-up and spin-down states in Co-BP relative to Co elec-
trode. Figure 1b presents the corresponding DOS schematic for Fig. 1c.
In addition, in the conduction band, the population of spin-up is equal

Fig. 1| Structural and electronic properties of Co-doped BP. a Atomic structure
of the Co-intercalated BP illustrating magnetic doping in this system. Spin density
isosurfaces of the Co atoms support an FM order in Co-BP. b Spin-polarized band
structure of the same supercell after intercalation of a Co atom (3%) between the
phosphorene layers; blue (red) represents the spin-up and spin-down bands. The

to that of spin-down (quenched magnetic moments). But near the
conduction band edge, there exists a localized magnetic state. This
state can be probed with tunnelling experiments. Inside the gap, there
is no accessible state. On the other hand, in the valence band, there is
an imbalance of spin-up and spin-down states. This gives rise to
alternating behaviour of majority and minority carries as a function of
E. We note that the electric-field tunability in BP also depends on Co
doing concentration (See Supplementary Fig. S1).

First, we confirm the feasibility of implanting Co atoms in BP using
planar-view atomic-resolution scanning transmission electron micro-
scopy (STEM) (See Fig. 2a, b, Supplementary Fig. S2 and Methods). We
achieve average Co doping concentration and Co separation of -3%
and ~2 nm, respectively, and do not detect signatures of Co clustering
or other defects (confirmed with four separate samples). To confirm
the semiconducting nature of our Co-BP (See the optical micrograph
and measurement set-up in Fig. 2c), we measure current under con-
stant bias voltage (V¢p = -1V) and back-gate voltage V, varying from
~75V to +100 V. A clear OFF state is visible for V, range between OV
and 36 V. Beyond this range, our device shows bipolar behaviour with
hole mobility up to 1000 cm2V~'s~! and an ON/OFF ratio exceeding
5000 (Top panel in Fig. 2d). This suggests that our Co-BP remains
charge neutral (or slightly p-type) and thus can be tuned into either
n-type or p-type by the back gate.

Next, we investigate the magnetic nature of our Co-BP by per-
forming AHE measurements (Device A, See Methods). We sweep an
out-of-plane magnetic field (B,) and show the representative R,, —
B, curves in hole and electron regimes (Fig. 2e). In the hole regime,
the field dependence can be described by a Langevin-type function
R =RGH tanh %} 36, where R is proportional to the saturation
magnetization and B¢ is the saturation field (See the fitting in
Fig. 2e). This suggests magnetism in Co-BP (See the extracted B¢ in
bottom panel of Fig. 2d and details in Supplementary Fig. S3). In
contrast, we do not observe any AHE with a positive back gate,
possibly because the lateral transport cannot probe the expected
magnetic order near the conduction band minimum due to low
conductance. This regime will be examined in the vertical tunnelling
Devices C and D below, which is less sensitive to the low conductivity
at the conduction band edge.

To corroborate the FM order in Co-BP, we compare its in-plane
MR with a Co-dust film alone of the same evaporated thickness
(-1.5 nm). Both geometries are shown in Fig. 2f (Device B, See Methods)
and are capped by a Ti layer, since Co dust alone is non-conducting.
We sweep the in-plane field (B,) along the direction of the applied

C

E (eV)

DOS

grey curves represent the bands of pristine bulk BP. ¢ Calculated density of states
(DOS) of Co-BP near the Fermi level (E;?’) according to the bandstructure of the
charge neutral configuration shown in (b). Blue and red bands represent spin-up
and spin-down, respectively. Dashed line is the . Light colours represent the total
DOS, while dark colours show only the d orbital projected DOS.
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Fig. 2 | Anomalous Hall effect and anisotropic magnetoresistance of Co-BP.

a Planar-view atomic-resolution HAADF image of a Co-doped multilayer BP flake.
The image intensity is directly related to the atomic weight of the imaged species.
The brightest spots in the planar view HAADF image (marked with red circles) are
isolated Co atoms on the BP surface while the dimmer spots (yellow circles) show
isolated Co atoms intercalated in deeper interlayer spaces. b Intensity histogram of
the mapped atomic columns in (a), indicating the adsorbed and intercalated indi-
vidual Co atoms with P atomic columns. ¢ Optical micrograph and measurement
schematics of the lateral Hall bar device (Device A) of Co-BP on 285-nm SiO,/Si
substrate. The ultra-thin BN acts as an encapsulation/diffusion barrier that protects
BP and allows dilute Co intercalation. Pairs of Ti/Au (2/85 nm) contacts labelled by
#1and #2 and by #1 and 3 are used for probing the Hall resistance (R,,) and the
channel resistance (R,,), respectively under a constant current from source (S) to
drain (D). Scale bar: 4 pm. d Top panel: Transconductance of the lateral Hall bar

device at Vg = —-1V. Bottom panel: The magnetization field (B.) as a function of
back-gate voltages. The error bars are extracted by fitting with a confidence interval
of 99.7%. e Two representative anomalous Hall effect curves at 1.6 K in the hole
regime (red dots, fitted by the black line) and electron regime (blue dots). f Optical
micrograph and schematics of Device B for in-plane MR measurement. The MR is
probed by the voltage between the contacts labelled by #1 and #2. The injection
electrode is made of Co/Ti (1.5 nm/35 nm), where Co was deliberately deposited as a
discontinuous dust layer of 1.5-nm nominal thickness. Scale bar: 3 pm.

g Temperature dependence of MR at V= =50V and /yias = =40 pA. For compar-
ison, the bottommost curve (black) refers to the metallic electrode (Co/Ti) itself at
T = 25K, confirming it has no magnetoresistance. The in-plane field (B,)) is collinear
with the current. The zoomed-in details of the MR at 300 K are shown in the

top panel.

current along the zig-zag direction (See Supplementary Fig. S4). The
absence of MR in “Co dust+Ti” electrode (probed with contacts
labelled by “3” and “4”) strongly suggests the lack of FM long-range
order in Co dust itself (curve labelled “Co dust” in Fig. 2g). In contrast,
the Co-doped BP region (probed with contacts labelled by “1” and “2”)
displays very large and hysteretic MR, as reflected in the longitudinal
field sweeps at various temperatures up to 300 K shown in Fig. 2f. This
is characteristic of a FM channel undergoing magnetization reversal as
a function of a collinear magnetic field sweep”. Both B and AR are
finite, indicating that Co-BP remains FM beyond room temperature.
To further characterize the magnetism in Co-BP, we perform
magneto-optic Kerr effect (MOKE) measurements at room tempera-
ture. We note that the Co dusts are also evaporated on adjacent Au
pads to compare the differences in MOKE signals. In Co-BP, the out-of-
plane polar MOKE signal is large, negative, and saturates at 700 mT. As
expected, the saturation field at room temperature is smaller than that
measured by the AHE at 1.6 K. Since the sample is slightly tilted, there is
a small in-plane magnetic field component, allowing us to also record
simultaneously the in-plane MR (See Methods). We observe an in-plane
MR signal with a switching field that matches that of the MOKE signal
originating from the initial in-plane reversal of the magnetization (blue
region in Fig. 3a). It is also comparable to that observed in the in-plane

MR measurements shown in Fig. 2g. In contrast, MOKE measurements
of Co dust on Au electrodes exhibit none of these features. Instead,
only a small kink near zero field indicative of disconnected Co clusters
is observed (Fig. 3b).

We also performed magnetic force microscopy (MFM) measure-
ments (Methods & Supplementary Information). Here, we evaporate
Co dusts onto the entire substrate such that we can compare the MFM
signals from Co-BP and Co-SiO, (See the labelled region in the
micrograph from in Fig. 3c). We record the frequency shift (Af) as a
function of position (Fig. 3c) at 1.7 K. A large Af is due to the attractive
force between the magnetic cantilever and a magnetic substrate. In our
experiments, we only observed such a magnetic signature for Co-BP at
negative gate voltages and absent on the SiO, substrate. Here, we
discuss representative data at V,=—40V. At zero magnetic field, no
magnetic signal is observed. As the magnetic field increases, Af
increases in the Co-BP defined by the darker region with a well-defined
edge (top part of the scan). On the other hand, Af on the SiO, region
remains unchanged. At magnetic fields above 1.5 T, similar to the AHE
measurements in Fig. 2c, the magnetic contrast saturates. Additionally,
we show representative line scans of Af in Fig. 3d. The difference in Af
between the scans at O T and 1.5 T is clearly visible in the Co-BP region
(~0.1Hz) but marginal on SiO,.
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signals on Co-BP and Co on Au pads. Inset: Optical micrograph showing the Co-BP
region. ¢ MFM characterization of the sample at 1.7 K and under V, = -40 V. At, as
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B, increases, a darker region (the edge is denoted by the dashed line) begins to
appear in the Co-BP region. This corresponds to a negative frequency shift (Af) that
represents an attractive force between the cantilever and sample surface, indicat-
ing Co-BP becomes magnetic. d MFM profiles of the line scans for frequency shift
(Af) from c. The curves are shifted vertically for better presentation.

From an application perspective, an important question is whether
Co-BP can be easily integrated into ready-to-use spintronic devices with
gate tunability. Here, our proof-of-concept device is a magnetic tunnel
junction (MT]J), which uses Co-doped BP layer and a 35-nm thick Co
stripe act as the ferromagnetic layers with BN as the tunnelling barrier
(Devices C and D in Fig. 4a) (See Methods and Supplementary Fig. S5).
Intriguingly, we observe hysteretic switching between two distinct
resistance states in the TMR when sweeping B, along the easy axis of the
Co contact. A representative TMR measurement at 7 = 2.5K shown in
Fig. 4b displays well defined, large resistance steps (AR = 800 Q, upper

panel). In addition, the minor loop (lower panel) displays the square-
shaped hysteretic profile expected for an FM-insulator-FM MT]Js, thus
confirming the existence of an effective FM contact on the BP side of the
junction with a well-defined coercive field.

We then demonstrate the gate-tunability of the Co-BP DMS
(Fig. 4c). The measurements reveal a sequence of four “operational
states”, namely, an absence of TMR in n-type BP (V= + 60 V), a positive
TMR near the edge of conduction band (Vg = +30V), an absence of
TMR inside the gap (V,;=0V), a negative TMR p-type BP (V= — 50 V).
Specifically, we labelled these four states as I-1V with reference to the
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Fig. 4 | Tunnelling characteristics of vertical Co/BN/BP devices. a Left panel:
Schematic drawing of the vertical Co/BN/BP MT] devices studied in this work, which
are grounded by a bottom-contacted graphene electrode. Right Panel: Schematic
spin-resolved density of states of bulk Co (left) and of Co-BP (right) qualitatively
reflects the DFT + U band structures. For Co-BP, the light-shaded red and blue areas
represent the phosphorus p-derived bands, only slightly changed relative to pris-
tine BP; the darker, peaked traces represent the narrow bands associated with the
Co d orbitals. The energy ranges labelled I-1V refer to the corresponding device
operation states discussed in the text. b Major (upper panel) and minor (lower

panel) loop scans of the tunnelling magnetoresistance (TMR) of TMJ (Device C)
under V= +20 V at 2.5K, with magnetic field parallel to the top Co electrode.

¢ TMR of Device D at different gate voltages (Vg), measured at 2.5 K with

Ipias = — 60 pA (DC) + 5 pA (AC). From top to bottom: Co-BP becomes increasingly p-
type with the positive-to-negative V, variation; background resistances are 1.5, 3.5,
7.6 and 2.7 kQ, respectively (at B, = —60 mT). d TMR under lp;ss= — 60 A (DC) + 5 pA
(AC) in Device C at 300 K. Inset: The temperature dependence of TMR. The data are
extracted from Supplementary Fig. S6.

corresponding energy ranges highlighted in the DOS schematic of Co-
BP shown in Fig. 4a. Here the position of £ in Co-BP determines whe-
ther the local moments p, are finite or zero, allowing gate control of
local moment formation. Specifically, in device state I, Co-BP is a n-type
semiconductor with £y in the conduction band and quenched
moments, explaining the featureless MR curve at V, > + 50 V. In device
state I, £ lies near the band edge and p, is finite, so that Co-BP is FM
and the heterostructure operates as a tunnelling spin valve that probes
the localized magnetic moments from Co. In comparison, this state is
not visible in lateral transport (i.e., Device A) mostly likely due to the
marginal conductance at the conduction band edge®. Device state Il is
obtained upon further reducing E; into the gap, in which case, the
itinerant carrier density may now be insufficient to couple FM order
among them. Further reducing V, brings £ to the valence band with a
substantial increase in carrier density. In device state IV, unlike in the
conduction band minimum, Co-BP is reinstated as a FM contact and the
spin-valve signal re-emerges but is inverted. The opposite TMR sign in
states Il and IV is in good agreement with DFT which also sees an
inversion of majority and minority spins in BP. The tunnelling out of the
bulk Co electrode injects minority spin polarization into Co-BP; con-
sequently, a positive (negative) TMR step will only arise when minority
(majority) states are dominant on the Co-BP side. The electric field
effect of BP not only allows for turning ON/OFF magnetism but also a
switch between positive and negative TMR signals.

Importantly, we examine whether our Co-BP DMS in a TMR device
can function up to room temperature. Remarkably, the TMR signal is
finite and retains sharp steps even at 300 K* (Fig. 4d, see also). As
expected, the TMR value decreases with increasing temperature due to
spin-flip scattering and activation of inelastic tunnelling channels*’,
especially at high bias"*? (Inset in Fig. 4d). The observation of TMR at
300K (Fig. 4d) provides a lower bound for T. Interestingly, this is in
line with the indirect exchange coupling estimate (Supplementary
Note 1). The TMR value also depends on the current bias and is max-
imum for —60 pA (See Supplementary Figs. S6 and 7).

Finally, we investigate the doping profile of our Co-doped BP of the
Co/BN/BP heterostructures using scanning transmission electron
microscopy (STEM). As anticipated from the penetration of deposited
metals into vdW materials® and also the BN dissolution-precipitation
process*, we observe that the topmost BN layers in contact with the Co
electrode is amorphized and mixed with Co. However, a crystalline BN
monolayer remains adjacent to BP, critical for the MTJ performance
discussed above. This is also supported by non-linear / — V curves of the
tunnelling junction (Supplementary Fig. S8). As mentioned earlier EELS
mapping shows that Co is also incorporated into BP under the BN layer.
From the close-up views of multiple regions in Fig. 5a (See panels i-iii), we
do not detect any Co clusters inside BP layers. Figure 5b shows that the
STEM-extracted vdW gap expands by about 10% at the BN/BP interface
and gradually recovers the bulk value outside the Co penetration depth.
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fication bright-field image of the Co/BN/BP heterostructure’s cross-sectional
interface (scale bar 50 nm). Labels i-iii refer to magnified atomic-resolution bright-
field images of the denoted regions, showing that the BP vdW structure and
stacking is intact over 100’s of nm. b Evolution of the vdW interlayer gap (red) and
monolayer thickness (blue), extracted from STEM cross-sections (inset), as a

Distance (nm)

function of distance to the BN/BP interface (in number of BP monolayers). Scale
bar: 1.5 nm. The lower inset illustrates our definition of the two plotted distances.
c Line cuts of the elemental abundance perpendicular to the Co/BN/BP interface,
extracted from electron energy loss spectra (EELS). The four coloured panels are
energy dispersive spectrum (EDS) maps for the elements Co, P, N and B.

To further characterize the Co penetration, we did electron
energy loss spectroscopy (EELS) along Co/BN/BP cross-sections, and
obtained the elemental profiles shown in Fig. 5c. The depth profile of
Co shows a penetration depth ~5nm, with an average doping of
around 3%. This can be controlled by the initial BN thickness and post-
annealing process under high vacuum condition (See Supplementary
Table S1 and Supplementary Fig. S9). Although the presence of cluster-
free Co-BP is thus consistent with our transport data, it may not be the
only possible explanation. The Co diffusion process may inevitably
create certain atomic defects in the BN layers and the topmost BP
layer, which could also contribute to the TMR switching and requires
future experimental and theoretical investigation.

The AHE in p-type BP, the large hysteretic in-plane MR seen in
planar transport and spin-valve switching behaviour observed in the
MT]Js are well-established hallmarks of robust FM order in Co-BP. Its
vdW nature and electronic two-dimensionality are decisive in allowing
non-detrimental magnetic doping and potentially large FM coupling.
The coupled FM and semiconducting functionalities with high charge
mobility up to room temperature is distinct from the types of electrical
tunability commonly encountered in magnetic systems* (See the
comparison with other magnetic semiconductors in Supplementary
Table S2). Given its electronic versatility®®, its long spin-diffusion
length®, and recent advances in large-scale growth and integration of

BP*, our work opens the prospect of employing Co-BP as an active
semiconducting FM element in potential spintronics applications
without suffering conductivity mismatch problem. This methodology
could also be applied beyond BP (Supplementary Fig. S10), thereby
expanding the library of low-dimensional magnetic materials. Devel-
oping encapsulation techniques to ensure the practical use of our Co-
BP devices will be a subject for further investigation in future.

Methods

Device fabrication

Device A: We mechanically exfoliated black phosphorus (BP) crystals
onto a silicon substrate (covered by a 285nm SiO,) and identify an
ideal flake (typically 10 x 5 um?, thickness ~ 6-7 nm) as the channel. An
ultra-thin BN flake (2-4 layers) is then transferred following the semi-
dry transfer method" to fully encapsulate the BP flake in inert condi-
tions (N, gas-filled glovebox with oxygen and moisture level below 1
ppm). This BN is used as a dispersive atom diffusion barrier, which
reduces clustering while also preserving the structural integrity of BP
during the subsequent processing (Supplementary Note 3). The BN/BP
stack is annealed at 200 °C for 6 h under high vacuum (10~ Torr) to
remove any bubbles formed during the transfer processes. This results
in cleaner interfaces between 2D layers and hence improves the
bonding of BP with BN layers. A standard electron beam lithography
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(EBL) technique is employed to pattern Ti/Au contacts (2 nm/85 nm). A
second EBL is employed to pattern the Co-doping region and followed
by the deposition of Co dust layers (1.5 nm) under ultra-high vacuum
conditions (5x1078 Torr), which ensures Co does not form a con-
tinuous layer. The deposition rate for the Co dust is 0.3A/s.
Throughout deposition, the high melting point of evaporated Co
introduces defects in the BN layer, both kinetically and chemically, as
observed in metal-semiconductor interfaces*s. The device is finally
annealed at 200 °C for 6 h under high vacuum (10~° Torr) for a more
uniform doping and improvement of the contact conductance before
measurements.

Device B: The sample used for the in-plane MR studies followed
the same fabrication procedure as Device A except for depositing Co/
Ti (1.5 nm/35 nm). The encapsulation of Co dust by light element Ti is
used as a contact for current injection.

Devices C and D: We mechanically exfoliated graphene onto a
silicon substrate (covered by a 285 nm SiO,) as the bottom contact. A
BP slab (thickness -6-10 nm) was firstly exfoliated onto a PDMS
stamp*’, then aligned with the bottom graphene and finally brought in
contact using a microscope. By gently peeling off the PDMS stamp, the
BP slab stays on the bottom contact. An ultra-thin BN flake (2- 4 layers)
is then transferred following the semi-dry transfer method"’ to fully
encapsulate the BP/graphene stack in inert conditions (N, gas-filled
glovebox with oxygen and moisture level below 1 ppm). This BN is used
as a dispersive atom diffusion barrier, which reduces clustering while
also preserving the structural integrity of BP during the subsequent
processing (Supplementary Note 3). The final stack (BN/BP/Graphene)
is annealed at 200°C for 6h under high vacuum (10~ Torr) to
remove any bubbles formed during the transfer processes. This results
in cleaner interfaces between 2D layers and hence improves the
bonding of BP with BN layers. A standard electron beam lithography
technique is employed to pattern electrodes and followed by
the deposition of Co/Ti (35nm/7.5nm) layers under ultra-high
vacuum conditions (5x10~% Torr). The deposition rate for the Co
and Ti layers is 0.3 A/s and 1A/s, respectively. The vertical tunnelling
devices have a typical area of 1x1pum? in each tunnelling junction
(Supplementary Fig. S5).

STEM characterization

The cross-sectional STEM specimens were prepared using a Cryo-
focused lon Beam (FIB) in ultra-high vacuum (<10~ mbar) in a liquid-
nitrogen temperature environment. STEM imaging, EDS and EELS
analysis of vertical heterojunctions of Co/BN/X (X=BP, graphite,
MoS,, NbSe,) were performed on a FEI Titan Themis with a X-FEG
electron gun and a DCOR aberration corrector operating at 300 kV.
The inner and outer collection angles for the STEM images (8, and 3,)
were 48 and 200 mrad, respectively, with a convergence semi-angle of
25 mrad. The beam current was about 100 pA for imaging and spec-
trum collection. All STEM experiments were performed at room tem-
perature. In the elemental analysis, the Co concentration (n¢, in
Fig. 5b) is defined as the ratio of detected Co atoms to the total atoms
of all the detected elements. This ratio and its error bars were calcu-
lated using a quantitative analysis model of EDS and EELS spectrum
with commercial codes that are standard and routinely used in this
type of elemental assessment.

Magnetotransport measurements

The magnetotransport measurements were performed in a home-
made low-temperature electromagnetic system where the sample was
sealed in vacuum and cooled down to a base temperature of 2.5K. A
standard low-frequency (13 Hz) lock-in technique was applied for sig-
nal acquisition with AC current amplitudes in the range 2-5pA.
Meanwhile, a DC source was driven through to the devices to probe
their TMR or AMR. The differential resistance was measured by a
second lock-in amplifier. The magnetoresistance was recorded as a

function of an external magnetic field parallel to the easy axis of Co
electrodes.

MOKE characterizations

MOKE measurements were performed with a red laser of 5-mW power,
focused to a beam size of around 100-um in length and 40-um in
height, covering the entire flake and portion of the nonmagnetic
contacts. The incidence angle was approximately 16-degree, providing
large polar MOKE signal (along out-of-plane field direction) and small
longitudinal MOKE (parallel to beam direction). The sample is slightly
tilted by about 2-degree with respect to the magnetic field, allowing a
small in-plane reversal for the AMR signals at low magnetic fields.

MFM characterizations

MFM was conducted using an attocube attoDRY 2100 closed-cycle
cryogenic system with attoAFM I probe, which operates at a base tem-
perature of 1.7 K. The system is equipped with a superconducting mag-
net capable of applying out-of-plane field up to 9 T. Silicon probes with
magnetic CoCr coating (MFMR by NanoWorld with a spring constant
ranging from 2.5 to 5 N/m) were employed. Prior usage the probes were
magnetized in out-of-plane direction using a neodymium magnet. For
the measurements with gate voltage applied, MFM was performed with
phase-locked loop and amplitude control to keep the same Q-factor. The
magnetic contrast was observed in the frequency shift Af of cantilever.
Lift was kept in the range of 100-200 nm. For the room temperature
tests the sample space was pumped and filled with He gas below 1 mbar
to keep high Q-factor of the cantilever for better sensitivity.

First-principles calculations

First-principles calculations were performed on a 5 x 4 x 2 supercell of
black phosphorus with a single cobalt atom between the two layers.
The VASP software package was used to relax the structure and com-
pute the electronic structure. A 7x7x9 Monkhorst-Pack reciprocal
space grid and a plane wave energy cutoff of 500 eV were used. In
order to account for the correlation effects intrinsic to transition metal
compounds, we used the DFT + U method of Dudarev et al.>° with
U, = 1eV. This value was chosen to reproduce the splitting of the two
in-gap bands of the hybrid functional calculations of phosphorene
reported in Seixas et al.».

Data availability
The source data generated in this study have been deposited in the
Figshare under accession code™.
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