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Room-temperature two-dimensional
multiferroic metal with voltage-controllable
magnetic order

Received: 3 June 2025 Dacheng Tian"*", Shulin Zhong?", Jianyu Dong"*", Song Zhou'?, Zhiwen Liu*,
Kai Chen®°, Wenhua Zhang?®, Liang Cao ® ¢, Xiaoyue He’, Xiu Li’, Tengyu Guo’,
Kunrong Du?, Haifeng Feng ® %, Yu Wang', Peng Cheng ® '3, Yiqi Zhang®'3,
Published online: 09 March 2026 Baojie Feng ®'3, Kehui Wu?®, Suhuai Wei®', YiDu®2' <, Yunhao Lu®?’ 7 &

Lan Chen®'?

Accepted: 10 February 2026

W Check for updates

Realizing two-dimensional multiferroics with robust magnetoelectric
coupling for electric-field-controlled magnetism at room temperature

poses substantial challenges, as ferroelectricity and magnetism inherently
conflict. Here we report air-stable bilayer CrTe, that exhibits intrinsic
room-temperature multiferroicity. Structural and magnetic characterization
reveals an alternating ferromagnetic and antiferromagnetic bilayer
architecture, driven by interlayer charge transfer that spontaneously breaks
inversion symmetry and generates a switchable out-of-plane ferroelectric
polarization. Scanning probe microscopy confirms the non-volatile

control of magnetization states with an electric field, enabling electrical
writing and magnetic reading functionalities. This mechanism, rooted in
interlayer charge transfer, rather than conventional spin-orbit coupling,
provides afoundation for engineering multiferroics with layered systems.
The demonstration of a two-dimensional multiferroic material with
magnetoelectric coupling under ambient conditions provides opportunities
for energy-efficient memory devices and quantum sensing technologies.

Multiferroic materials' 7, which integrate ferroelectric and magnetic The rise of two-dimensional (2D) materials" " has provided
orders through magnetoelectric (ME) coupling””, enable the controlof ~ opportunities to circumvent these challenges via atomic-scale
magnetism with an electric field—a capability for ultralow-power spin-  engineering. Yet, despite strategies such as quantum confinement
tronic memory and quantum technologies. However, bulk multiferroics  and interfacial design'*'¢, room-temperature 2D multiferroics with
such as BiFeO,; (ref. 6) and TbMnO; (ref. 7) face enduring limitations:  robust ME coupling remain unrealized®™. Proposed intrinsic sys-
small polarization magnitudes, weak ME coefficients (<100 Vecm™Oe™),  tems, such as Nil, (refs. 17-19) (where helical magnetic order drives
and ambient instability due to oxygen vacancy-induced leakage ferroelectricity), suffer from low magnetic transition temperatures
currents® ', collectively restricting their practical utility. (-21K), air sensitivity and unverified ME coupling. Similarly, artificial
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Fig.1|Atomic-scale structural and electronic characterization of monolayer
and bilayer CrTe,. a, Top view (upper) and side view (lower) of the lattice
structure of 1T-CrTe,, where Cr atoms (blue spheres) are sandwiched by Te atoms
(yellow spheres), forming a vdW layered structure. b, STM topographic image

of epitaxial monolayer CrTe, on agraphene/SiC(0001) substrate (scanning
parameters: sample bias voltage (V;) = —0.5V, tunnelling current (/) = 50 pA).
Theline profile across the step of CrTe, with respect to graphene (Gr) shows

the monolayer thickness. ML, monolayer. ¢, LEED pattern of monolayer
CrTe,ongraphene/SiC(0001) (electron energy: 90 eV), confirming a single
hexagonal lattice with a lattice constant of 0.37 nm. d, High-resolution SP-STM
image obtained using a Cr-coated tip (V,=-0.1V,/=200 pA) on the surface of
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monolayer CrTe,, revealing a zigzag-like pattern. White rectangle indicates

unit cell. e, Differential conductance (d//dV) spectra, showing the change in
tunnelling current (/) with respect to the change in bias voltage (V), for monolayer
(red) and bilayer (blue) CrTe,, demonstrating metallic behaviour. BL, bilayer.

f, STM topographic image of bilayer CrTe, (V,=-0.5V, /=50 pA). The line profile
across the step of the second layer of CrTe, with respect to the first layer shows
the monolayer thickness. g, LEED pattern of bilayer CrTe, (electron energy:

90 eV) reveals two types of hexagonal lattice with constants of 0.37 nm (outer
spots)and 0.39 nm (inner spots). h, High-resolution SP-STM image (V,=-0.1V,
1=200 pA) on the surface of bilayer CrTe, shows a hexagonal lattice constant of
0.39 nm. White rhombus indicates unit cell.

heterostructures™'*—stacking 2D ferroelectrics?>* and van der Waals

(vdW) magnets® **—are plagued by weak interfacial interactions, struc-
tural fragility and an inefficient ME response. Thus, the realization of
air-stable 2D multiferroics with strong ME coupling at room tempera-
ture persists asacritical unresolved challenge, and demands innovative
design models to overcome material limitations™**.

Inthis Article we address this gap with bilayer chromium telluride
(CrTe,), aroom-temperature-stable 2D multiferroic synthesized via
molecular beam epitaxy (MBE). This system demonstrates robust ferro-
magnetism, switchable out-of-plane (OOP) ferroelectricity and strong
ME coupling under ambient conditions. Scanning tunnelling micros-
copy (STM) and low-energy electron diffraction (LEED) reveal an alter-
nating antiferromagnetic/ferromagnetic (AFM/FM) layered structure,
whereinterlayer electrostatic potential differences break symmetry to
generate reversible polarization. Crucially, the ME coupling mechanism
arises from electron filling in 2D metallic layers—a paradigm that is
distinct from conventional spin-orbit coupling (SOC)—enabling the
direct modulation of magnetic ordering and exchange interactions.
This electron-filling-driven approach establishes a novel design prin-
ciple for achieving strong ME effects in vdW systems, circumventing
traditional limitations. Bilayer CrTe, not only surmounts long-standing
material barriers but also pioneers the electric field manipulation of
magnetism, unlocking pathways towards voltage-controlled quantum
devices and energy-efficient spintronics.

Van der Waals epitaxial growth of CrTe,

CrTe, crystallizes in a trigonal layered structure (space group P 3ml),
where each layer adopts a 1T-type configuration. In this structure
(Fig.1a), Cr cations occupy the centres of Te octahedra, forming a cova-
lently bonded in-plane (IP) network with interlayer vdW interactions.
In our experiments, the uniform monolayer and bilayer CrTe, films
were epitaxially grown on graphene/SiC(0001) substrates through

MBE by optimizing the Cr/Te flux ratio and substrate temperature
during growth. The samples were then transferred to another
ultrahigh-vacuum (UHV) chamber for the in situ characterization.

Figure 1b shows a typical STM topographic image of as-grown
monolayer CrTe,onagraphene/SiC(0001) substrate, with alayer thick-
ness of 0.8 nm relative to the substrate. The LEED patterns of this
sample (Fig. 1c) show six obvious spots, corresponding to the lattice
constant of 0.37 nm for monolayer CrTe,. A high-resolutionSTM image
of monolayer CrTe, obtained at —0.1V (Fig. 1d) via the adsorption of
excess Cr adatoms at the tip apeXx, resolves a clear zigzag-like pattern
with a unit cell of a=0.74 nm, b= 0.64 nm. This feature refers to a
2 x \/3 reconstruction with respect tothelattice constant of 0.37 nm,
consistent with the zigzag-antiferromagnetic (z-AFM) order in mon-
olayer CrTe,on the graphene/SiC(0001) substrate, as observed using
spin-polarized STM (SP-STM) in previous work? 2,

Figure 1f presents a typical STM topographic image of nearly
bilayer CrTe, on a graphene/SiC(0001) substrate. The second layer
of CrTe, exhibits an apparent layer thickness of 0.6 nm relative the
first layer, consistent with previous experimental®*® and theoretical
results. The LEED patterns of this sample (Fig. 1g) show two sets of spots
that correspond to two kinds of lattice constant: 0.37 nm (outer) and
0.39 nm (inner). A high-resolution SP-STM image (Fig. 1h) shows that
the surface of second-layer CrTe, exhibits a hexagonal close-packed
arrangement with alattice constant of a = b= 0.39 nm, corresponding
to the inner spots in the LEED pattern shown in Fig. 1g, whereas the
outer spots should originate from the first layer of CrTe,. According
totheearlier work of Miao et al. inref. 26, the hexagonal close-packed
arrangements indicate that the second layer of CrTe, is FM. On the basis
ofthe SP-STM and LEED measurements, it is possible that the first and
second layers of CrTe, exhibit different magnetic orders. The di/dV
curves for monolayer and bilayer CrTe, (Fig. 1e) demonstrate the metal-
lic behaviour in both samples. In addition, monolayer and bilayer

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-026-02537-2

a b
oot ] Twmer————
ML 300 K
1 ML200K ML 200 K BE—
ML100K R
. ML100 K
H ML20K o — 3 I
o | g 5 ML 20 K —
o o 10+
X x
2 - £ —
[9) @ |
£ 109 BL300K £ —
= = | BL300K
B = 15 |
1 BL200K // _——
/| BL 200K
_‘]5 |
Lo If/ -20 - BL100 K //
I BL20K o0P L8900k P
— e
-3,000 ] 3,000 -3,000 (o] 3,000

Magnetic field (Oe) Magnetic field (Oe)

Fig.2|Room-temperature multiferroicity of bilayer CrTe,.a,b, OOP (a) and IP
(b) temperature-dependent magnetic hysteresis loops via SQUID measurements
for monolayer and bilayer CrTe, on graphene/SiC(0001). c,d, PFM phase and
amplitude loops for monolayer CrTe, (c) and bilayer CrTe, (d) measured at room
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temperature and in air. The ferroelectric hysteresis loop only exists in bilayer
CrTe,e,f, OOP PFM amplitude (e) and phase (f) images after abox-in-box pattern
with opposite DC bias (+7 and -7 V) writing is performed.

CrTe, on graphene/SiC(0001) substrates are stable under ambient
conditions. After the sample was exposed to ambient conditions for
two weeks, the two main characteristic vibration modes of £,;and Ay,
located at126.6 and 142.9 cm™, respectively, were still observedin the
Raman spectra (Supplementary Fig. 1a), which is in good agreement
with bulk CrTe, (Supplementary Fig. 1b) and previous studies®>*".

Ferromagnetic and ferroelectric orderinbilayer
CrTe,
The high quality and ambient stability of monolayer and bilayer CrTe,
films on graphene/SiC(0001) substrates enable exploration of their
magnetic ground states via macroscopic magnetic characterization
using a superconducting quantum interference device (SQUID).
After sample preparation and characterizationin UHV chambers, the
samples were taken out and exposed to air for the SQUID measure-
ments. The magnetic properties of the monolayer and bilayer CrTe,
thin films were examined inboth OOP and IP configurations, as shown
in Fig. 2a,b, respectively. For monolayer CrTe,, both the OOP and IP
magnetization—-magnetic field strength (M-H) hysteresis loops at
various temperatures (20-300 K) show paramagnetic signals from
thesubstrateinthe low magnetic field range (from—4,500t0 4,500 Oe).
This behaviour is consistent with the z-AFM pattern observed in the
SP-STM image (Fig. 1d) and aligns with previous studies** 2%, Besides,
the X-ray magnetic linear dichroism (XMLD) signal originates from
anisotropic 3d-2p transition probabilities of Cr*’/Cr** ions in an anti-
ferromagnetically ordered environment, where opposite spin sublat-
tices produce distinct linear-polarization-dependent absorption. The
temperature-dependent disappearance of this dichroismreflects the
collapse of spin-orbital anisotropy and confirms the AFM-paramag-
netic transition of the Cr sublattice (Supplementary Fig. 2).

By contrast, bilayer CrTe, exhibits well-defined hysteresis
loops at temperatures up to 300 K for both OOP (Fig. 2a) and IP
(Fig. 2b) configurations. The saturation magnetization corresponds

to approximately 2.44 u; per Crion at 20 K, in reasonable agree-
ment with the 3.2 y; per Cr ion predicted from density functional
theory (DFT) calculations at O K. The slightly smaller experimen-
tal value probably arises from finite-temperature spin fluctua-
tions that reduce the effective magnetic moment. This consistency
between the measured and calculated values is consistent with the
magnetism originating from the intrinsic Cr 3d states rather than
other impurities. In addition, the temperature-dependent mag-
netization (M-T) curves of bilayer CrTe, under an OOP magnetic
field of 1,000 Oe confirms its room-temperature FM behaviour, as
shown in Supplementary Fig. 3. To further confirm the intrinsic and
layer-dependent magnetism, we performed element-specific X-ray
magnetic circular dichroism (XMCD) measurements at the Cr L, ;
absorption edges. As shown in Supplementary Fig. 4, a clear XMCD
signalisdetected for the bilayer CrTe, film even at room temperature,
whereas the monolayer sample exhibits no detectable dichroism. The
absence of XMCD in the monolayer is consistent with its compensated
z-AFM order, whereas the finite dichroic responsein the bilayer reflects
theemergence of anet FM moment due tointerlayer FM/z-AFM stack-
ing. These results unambiguously indicate the different magnetic
orders in monolayer and bilayer CrTe,. Combining these results with
the SP-STM measurements (Fig. 1d,h), we conclude that thefirst layeris
AFMwhereas the second layer is FM. Furthermore, the different lattice
constants of the first and second layers of CrTe, indicate that the dif-
ferent magnetic orders may arise fromthe strainin thelattice of CrTe,.

To investigate the presence of room-temperature ferroelectric
CrTe,, we conducted a comprehensive set of piezoresponse force
microscopy (PFM) measurements under ambient conditions. Typi-
cally, applying a small voltage to the atomic force microscope tip
induces auniform dipole moment orientationin ferroelectric materi-
als under the influence of a vertical electric field*’. We recorded the
off-field phase and amplitude loops on monolayer and bilayer CrTe,,
asshowninFig. 2c,d, respectively. For monolayer CrTe,, no discernible
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Fig.3|Electrical writing by PFM and magnetic reading by MFM for
multiferroicbilayer CrTe,. a-d, PFM images showing box-in-box ferroelectric
domainstructures for bilayer CrTe, on graphene/SiC(0001) written under
applied voltages of 0V (a), +6 V (b), 7 V (c) and +8 V (d). e-h, MFM images

of the same area on bilayer CrTe, taken after the PFM writing processes as in

d
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a(e), b (f), c(g) and d (h), showing magnetic domain reconfiguration after
ferroelectric polarization writing. As the PFM writing bias is increased, the
contrast with the opposite bias region of the written box becomes stronger,
for both the PFM and MFM channels.

piezoresponse signal was detected (Fig. 2c), whereas a distinct hys-
teresis in the phase loop accompanied by a 180° phase switch and a
well-defined butterfly-shaped amplitude evolution was observed on
bilayer CrTe, (Fig. 2d). The local PFM switching spectra corroborate
the OOPferroelectricity thatisinherentinbilayer CrTe,. Furthermore,
the coercive voltage was found to lie in the range of 1-2 V, which is
comparable to that of intrinsic 2D ferroelectrics such as In,Se; (1.5 V)*
and SnS (2.0 V)*.

Another hallmark of ferroelectric materials is domain engineer-
ing through an external electric field. We demonstrated polariza-
tion reversal in ferroelectric domains using PFM electrical ‘read and
write’ operations. As shown in Fig. 2e,f, we wrote a distinct ‘box in
box’ pattern with opposite direct-current (DC) bias (+7 and -7 V) on
bilayer CrTe, and imaged the OOP amplitude and phase responses.
Ultimately, onthe basis of the SQUID, PFM and SP-STM measurements,
we confirm the robust 2D multiferroic material in bilayer CrTe, under
ambient conditions.

Electrical writing and magnetic reading for
multiferroicbilayer CrTe,

The effective ME coupling in multiferroic materials is crucial for their
applications, asit enables the control of magnetic orders viaanexternal
electricalfield. To verify the existence of ME coupling in bilayer CrTe,
under ambient conditions, we conducted bias-dependent PFM and
magnetic force microscopy (MFM) measurements onthe sameregion
ofbilayer CrTe,onagraphene/SiC(0001) substrate. MFM operates by
detecting theinteractions between amagnetized conductive tipand the
local magnetic field gradients emanating from the sample, providing
topographic and magnetic interaction images over a specific region
of sample at a fixed tip—sample separation. In our experiments, we
carried out the electrical writing in PFM mode first, then conducted
the magnetic reading in MFM mode.

APFM phase image of the OOP response without domain writing
was obtained on a clean and atomically flat region of bilayer CrTe, on
a graphene/SiC(0001) substrate (Fig. 3a). Simultaneously, an MFM
image taken in the same region reveals a normal fringe domain struc-
ture (Fig. 3e), indicating the FM nature of bilayer CrTe,. Domain writing
was then performed using adistinct box-in-box patternby applyingan

opposite DC voltage bias (+6 and -6 V), as verified by the PFM ampli-
tude image in Fig. 3b. Subsequent MFM measurement on the same
region (Fig. 3f) shows two distinct magnetic domains with the same
box-in-box patternas the PFM electrical writing. The domain bounda-
ries between the two domains with opposite writing voltage biases are
clearly visible, demonstrating the robust ME couplinginbilayer CrTe,.
The ferroelectric domains created by electrical writing are recogniz-
able as domains with different magnetic interactions, achieving the
long-sought ‘electrical writing and magnetic reading’ functionality.

Toruleout the contribution of electrostatic force, additional MFM
measurements were performed using a non-magnetic conductive tip
setto 0 V. The box-in-box writing patternin PFM mode did notinduce
similar magnetic domains in MFM mode at various tip heights, as
showninSupplementary Fig. 5. Furthermore, as the applied opposite
voltage biases in PFM mode were increased to +7V (-7 V) and +8 V
(-8YV), the amplitude contrast of the box-in-box patterm written by
the opposite bias also increased (Fig. 3c,d). Simultaneously, the inten-
sity contrast between the magnetic domains in MFM mode shows a
similar trend (Fig. 3g,h), further confirming the existence of strong
ME couplinginbilayer CrTe,. Additional PFM and MFM measurements
were carried out at alow bias (£1.5 V) and under a negative bias (-7 V).
Negligible contrast is observed below +2 V (Supplementary Fig. 6),
defining the coercive threshold, whereas reversed PFM phase and
MFM contrast appear under opposite writing polarities, confirming
thereversible and bidirectional control of magnetism with anelectric
field (Supplementary Fig. 7).

Inaddition, itis noteworthy that such multiferroic properties and
ME coupling are quite robust and stable, with the electrical writing and
magnetic reading process remaining effective inthe sample of bilayer
CrTe, on graphene/SiC(0001) even after two weeks of exposure to
ambient conditions (Supplementary Fig. 8). To assess the functional
stability of the ferroic states, we monitored the evolution of the PFM
and MFM contrasts of bilayer CrTe, under ambient exposure. As shown
in Supplementary Fig. 9, both ferroelectric and magnetic contrasts
decrease markedly within the first two weeks, retaining about 30%
of their initial amplitude after 14 days. Beyond this point, the signals
exhibit a pronounced saturation, with negligible additional attenua-
tionup to25days. The persistent, correlated PFM and MFM responses
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PFM

MFM

Fig. 4 |Magnetic-field-dependent PFM and MFM images of bilayer CrTe,.
a-d, PFMimages showing box-in-box ferroelectric domain structures for bilayer
CrTe,ongraphene/SiC(0001) after writing under an applied magnetic field
strength of 0 Oe (a), 500 Oe (b), 900 Oe (c) and 1,300 Oe (d). e-h, MFM images
ofthe same area on bilayer CrTe, obtained under the corresponding magnetic
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fieldasina(e), b (f), c (g) and d (h). Both ferroelectric (PFM) and magnetic (MFM)
domain contrasts diminish progressively with increasing external magnetic
field, reflecting magnetic-field-induced domain alignment and its influence on
ferroelectric polarization through ME coupling.

confirm that the coupled ME order remains intact, despite partial
attenuation of the measurable piezo- and magnetoresponses under
ambient conditions.

To examine the evolution of the ferroic domains under external
magnetic fields, we carried out sequential PFM and MFM imaging while
graduallyincreasing the magnetic field strength. At zero field, the fer-
roelectricand magnetic domains exhibit sharp boundaries and strong
contrast (Fig. 4a,e). As the magnetic field is increased, both the PFM
and MFM contrasts progressively diminish, and the domain bounda-
ries become increasingly indistinct (Fig. 4b,c,f,g). At field strength of
1,300 Oe (Fig. 4d,h), the images appear nearly uniform.

The origin of ferroelectricity

Thebilayer CrTe, system, a2D multiferroic material that exhibits robust
ME coupling, displays distinct magnetic orderinginits monolayer and
bilayer configurations, as demonstrated experimentally. This raises
the possibility that ferroelectric order in bilayer CrTe, originates from
magnetic order switching rather than conventional interlayer sliding
mechanismsas proposed in previous studies® . To explain the origin
of this ferroelectricbehaviour, we developed aband model centred on
magnetic-ordering-driveninterlayer charge redistribution. The model
posits that FM ordering stabilizes in electron-enriched layers, whereas
AFM ordering becomes favourablein electron-depleted layers, driving
spontaneous charge transfer between the layers. These predictions
have been rigorously validated by first-principles DFT calculations,
which strongly support the proposed interplay between magnetic
and ferroelectric orders.

Monolayer CrTe, stabilizesboth FM and z-AFM orders, exhibiting
nearly degenerate total energies. Asillustrated in Fig. 5a,b, the density
of states (DOS) and band-filling characteristics of the Cr-t,; and Cr-e,
orbitals are compared for FM and z-AFM configurations, respectively.
Inthe FM state (Fig. 5a), the DOS exhibits pronounced spin-polarized
splitting, with near-complete occupation of spin-up Cr-t,, states and
unoccupied spin-down states. Band-resolved calculations show that
each Cratomretains three valence electrons fully occupying the Cr-t,,
band, while excess electrons populate the Cr-¢, band. Although the
hybridization between fully occupied Cr-t,, orbitals does not lower
total energy, the partial Cr-e; occupancy (less than 25% filled) enables

orbital hybridizationbetween adjacent Crsites. In the z-AFM configu-
ration (Fig. 5b), Cr atoms with opposing spin orientations (* and V)
exibit equivalent d-orbital-filling characteristics. Both spin states
exhibit partial occupation of the Cr-¢, orbitals and full occupation of
the Cr-t,, orbitals, whereas the antiparallel spin alignment between
adjacent Cr atoms prevents direct e,/t,, orbital coupling. Similar to
the case of the FM system, the fully occupied Cr-t,, orbitals do not
contribute to the total orbital energy of the z-AFM configuration.
Hence, our analysis focuses primarily on thefilling of the Cr-e, bands.
The coupling between fully filled Cr-e, and partially filled Cr-e, orbit-
als with parallel spin alignment leads to partial occupation of higher
antibonding orbitals and fully occupied Cr-¢, orbitals, resulting inan
energy-level difference between the Cr d orbitals of the monolayer FM
and z-AFM systems.

Inbilayer CrTe,, the energy-level disparity between the two mag-
netic orders drives preferential electron transfer from the z-AFM to
the FM configuration. Upon charge transfer, one layer prefers FM
order because theincreased electron occupancy in the Cr-e, orbitals
(approaching half-filling) strengthens Cr-Cr orbital hybridization,
driving notable energetic stabilization of the system. The z-AFM
orderisstabilized inthe other layer by the depletion of electrons from
antibonding states. This depletion enhances the coupling between
the fully occupied and empty Cr-e, orbitals of adjacent Cr atoms that
possess parallel spin alignment, thereby lowering the total energy of
the z-AFM configuration. However, charge transfer from the z-AFM
to the FM layer is also self-limited. When excessive electron transfer
occurs, leading to over half-filling of the FM Cr-e, band and non-full
filling of the z-AFM Cr-¢, band (Fig. 5a,b), partially occupied anti-
bonding (bonding) states that emerge from interactions between
the e, orbitals of the FM (z-AFM) order will destabilize the bilayer
CrTe,and further charge transfer is prevented. This dual stabilization
mechanism results in a direct relationship between the magnetic
order stability and charge transfer (Fig. 5¢). An energy minimum
occurs at a charge transfer of approximately 0.019 C m™. Evidence
for amagnetic order driving force for interlayer charge transfer is
further shownby a-~0.1eV electrostatic potential difference between
z-AFM and FM monolayers (Fig. 5d), aligning with predictions from
our band-filling model.
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Fig. 5| The occurrence the net polarization in metallic bilayer CrTe,.

a,b, DOS and band-filling characteristics of the Cr-t,, and Cr-¢, orbitals for the FM
configuration (a) and z-AFM configuration (b) of monolayer CrTe,. Outermost
plots: DOS diagrams for the Cr-t,, and Cr-¢, orbitals. The region where DOS > 0
represents spin-up states (red arrow), and DOS < O represents spin-down states
(blue arrow). Innermost diagrams: schematics of band filling (hatched pattern)
and coupling (red dashed lines) between Cr-¢, orbitals before and after charge
transfer. The red and blue shading denotes spin-up and spin-down bands,
respectively. The green arrow indicates the electron-transfer direction.

c, Total energy of the monolayer FM and z-AFM systems (Ey, + E, ory) @s a function
of charge transfer via the magnitude of the surface charge density |e|, with

hole accumulation for the z-AFM layer and electron accumulation for the FM
layer. The energy of the undoped systemis set to zero. The insetillustrates the
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corresponding structural schematic as the surface charge density increases,
indicating charge transfer from the z-AFM to the FM configuration. The
background colour shading indicates an increase of charge transfer.

d, Electrostatic potential of monolayer CrTe, in the z-AFM and FM configurations,
respectively. e, Left: differential charge density (Ap = p, semsem — Pzaem — Pem) Of

the z-AFM/FM bilayer superlattice. The red regions correspond to electron
accumulation, whereas the green regions indicate areas of electron depletion.
The spin orientations of each layer are indicated by blue (1) and yellow (V)
arrows. Thered dashed lines indicate the lattice constant for the z-AFM structure
(a,.arm), and the black dashed lines delineate the lattice constant for the FM
structure (apy). Right: the corresponding line profiles along the z direction for the
z-AFM/FM bilayer superlattice. P, electric polarization field.

Differential charge density (Ap) analysis (Fig. 5e) directly corrobo-
rates this mechanism, revealing hole accumulationin the z-AFM layer
and electron enrichment in the FM layer. A charge-transfer quantity
of ~0.020 C m2is derived from our calculations (Fig. Se, right panel).
Notably, this value shows strong consistency with the energy mini-
mumobservedinFig. 5c, and offers further evidence for the predicted
charge redistribution process. This asymmetric charge redistribu-
tion generates a spontaneous polarization of ~-3.0 pC m™ along the z
direction, surpassing the polarization strength of conventional slid-
ing ferroelectric systems (0.1-1.2 pC m™)*°~**, Crucially, the polariza-
tion vector remains fixed across all interlayer sliding configurations
(Supplementary Fig. 10), ruling out structural sliding as the origin of
ferroelectricity. Remarkably, the charge-transfer processisreversible:
switching the magnetic order of either layer (FM < z-AFM) inverts the
polarization direction, demonstrating a robust ME coupling.

Discussions
The origin of ferroelectricity in bilayer CrTe, from the switching of
magnetic order in either CrTe, layer is also supported further by the

experimental details in the PFM and STM measurements. For exam-
ple, the hysteresis loop in Fig. 2d displays a pronounced asymmetry
between positive and negative biases, reflected in unequal coercive
fields and a finite loop shift. This behaviour demonstrates a built-in
polarization arising from interfacial asymmetry and intrinsic charge
transfer, which lowers the free energy of one ME domain configura-
tionrelative to its conjugate. The ensuing energetic bias governs the
stability and sets different switching thresholds for opposite polarities,
thereby shaping the dynamics of coupled ferroelectric and magnetic
states. The +7 Vbiased regionin Fig. 2e,f shows the same contrastasthe
unbiased region. This behaviour is consistent with a built-in polariza-
tion that already stabilizes the z-AFM(bottom)/FM(top) configuration.
First-principles calculations under a positive OOP field reproduce
this trend: the top layer gains charge while the bottom layer loses
charge, which energetically favours z-AFM(bottom)/FM(top) over
thereversed sequence. Moreover, SP-STM imaging shows the coexist-
ence of two distinct magnetic-ferroelectric domain configurationsin
bilayer CrTe,. In most regions, the magnetic contrast corresponds to
the configuration with z-AFM order in the bottom layer and FM order
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in the top layer, consistent with the ground-state stacking predicted
by theory. Notably, in certain localized areas we also identify small
domains that exhibit the reversed configuration, where z-AFM is in
the top layer, as demonstrated by the opposite zigzag magnetic con-
trastandidentical lattice registry (Supplementary Fig.11a). The simul-
taneous observation of both domain types confirms the existence
of two energetically competing yet nearly degenerate ME states, in
excellent agreement with the theoretical model presented in Fig. 5,
where switching the electric polarization interchanges the FM and
z-AFM layers. These results provide direct microscopic evidence for
polarization-dependent magnetic stacking, and demonstrate that the
bilayer CrTe, system hosts coexisting dual ME states that are associated
with opposite polarization orientations.

With the discovery of 2D magnetic materials, much effort has
been devoted to achieving direct electrical control and manipulation
of themagnetic properties in vdW materials exhibiting intrinsic type-II
multiferroicity—a direct entanglement of magnetic and ferroelectric
ordersthat arises fromaninversion-symmetry-breaking spin configu-
ration. Although type-ll multiferroicity isamechanism that inherently
yields orders-of-magnitude stronger and more robust ME responses
compared with conventional approaches, it relies highly on SOC that
is difficult to survive against thermal fluctuation at room temperature.
Our results emphasize the crucial role of electron filling of 2D metallic
layers for modulating magnetic ordering and exchange interactions,
instead of SOC. The electron filling ultimately determines the magnetic
ground state of each layer between competing FM and AFM ordering,
resulting in spontaneous charge transfer and polarization. Thus, an
electric field enables non-volatile switching between FM and AFM
ordersinindividual layers of bilayer CrTe, viainterlayer charge transfer.
This multiferroic mechanism, driven by two degenerate ground states
withalternating FM/AFM layer stacking configurations, is exclusive to
2D vdW metallic CrTe,, and emerges from a threefold design frame-
work: (1) precise tuning of the conduction-band electronfilling in the
monolayeriscritical, and requires anintermediate occupation regime
that balances the electron filling between FM and AFM ordering to
stabilize competing magnetic interactions; (2) as with a 2D ferroelec-
tric metal, the system exhibits laterally conducting states that are
confined toits 2D atomic layers while remaining vertically insulating,
establishing an OOP ferroelectric polarization; and (3) the magnetic
stabilizationenergy gained through the charge transfer between layers
must outweigh the strain energy imposed by lattice mismatch between
the FM and AFM layers to stabilize the coupled magnetic order, which
isonly possible in vdW layers. This complex magnetic ground statein
anatomically thin vdW metallic crystal introduces a new approach by
which to manipulate magnetic states via an electric field, using vdW
engineering to tune the magnetic order through electronfillingin 2D
magnets. This approach facilitates the robust, direct electrical manip-
ulation of magnetic states via external fields and reveals emergent
interfacial multiferroic phenomena in engineered vdW heterostruc-
tures. Furthermore, gate-tunable ME coupling in 2D metallic systems
provides a versatile platform for continuously directing multiferroic
systems towards quantum critical regimes.

Conclusion

Inthis work wereport aroom-temperature and air-stable bilayer CrTe,
multiferroic system that directly realizes electrical writing and mag-
netic reading functionality. Theoretical calculations, combined with
STM, PFM and MFM measurements, confirm that the electrostatic
potential difference between z-AFM and FM layers of CrTe, sponta-
neously breaks inversion symmetry, generating robust ferroelectric
polarization. Distinct from conventional SOC-driven mechanisms in
normal type-ll multiferroic materials, thisinterlayer charge-asymmetry
mechanism enables robust ME coupling, even at room temperature.
The FM/AFM superlattice structure proposed here establishes a uni-
versal design principle for engineering 2D single-phase multiferroics.

Notably, the room-temperature and air-stable electrical writing and
magnetic reading demonstrated in bilayer CrTe, bridges the gap
between fundamental multiferroic physics and scalable applications.
This breakthrough positions 2D multiferroics as a viable platform for
CMOS-compatible, energy-efficient spintronic memory, accelerating
their integration into post-Moore nanoelectronics.
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Methods

Growth of CrTe,/graphene/SiC(0001)

The CrTe, film was synthesized via MBE under UHV conditions (base
vacuum 2 x 107° mbar). The graphene substrate was prepared by
annealing a 4H-SiC(0001) substrate at 1,150 °C for 30 s and repeating
this 100 times. After obtaining clear and atomically flat graphene,
high-purity Cr and Te were evaporated from a tantalum boat and a
standard Knudsen cell, with flux of 0.1A min™and 6 A min™, respec-
tively, with the temperature of the substrate kept at 350 °C. The struc-
ture of CrTe, was confirmed via LEED.

Scanning probe microscopy measurements

After sample preparation, it was transferred to the chamber of an STM
instrument (Infinity STM, Ormicron) without breaking the vacuum.
All STM images were acquired using a chemically etched tungsten
tip at 10 K. The scanning tunnelling spectroscopy (STS) spectra were
measured using lock-in technology with an alternating-current (AC)
voltage of 20 mV and a superimposed frequency of 667 Hz on the bias
voltage. The STM/STS data were acquired in constant-current mode.
Atomic force microscopy, PFM and MFM measurements were carried
out using acommercial scanning probe microscope (Asylum Research
CypherS, Oxford Instruments) at room temperature. PFM local switch-
ing spectroscopy was performed in dual AC resonance tracking (or
DART) mode, with the superimposition of an AC signal over a series of
DC triangular, sawtooth waveform voltages. The PFM phase and ampli-
tudeloops wererecorded when the tip voltage was zero. The PFM and
MFM measurements for ME coupling were performed using the same
conductive magnetic tip (Co-Cr-doped); after writing a ferroelectric
domain, the PFM image was first obtained and then the MFM image
was measured. The PFM and MFM measurements under a magnetic
field were carried out using acommercial scanning probe microscope
(Asylum Research Jupiter Discovery, Oxford Instruments) equipped
with a VFM4 component at room temperature.

Magnetic measurements

The magnetic measurements were carried out using a SQUID mag-
netometer (MPMS-3, Quantum Design). Soft X-ray absorption spec-
troscopy (XAS) and XMCD were conducted at the Hefei Light Source of
the National Synchrotron Radiation Laboratory. The Cr L, ;-edge XAS
spectra were probed at beamlines MCD-A and MCD-B, and the signal
of the total electron yield was measured at 7=300 K by switching the
magnetic field parallel or antiparallel to the incoming X-ray beam. Asa
bend-magnet source, the circular (left/right) polarization of the X-rays
was switched by adjusting the front aperture below or above the beam
orbit. Theright circular polarization of the beam, which was calibrated
at ~65%, was fixed through the XMCD measurements. For each field
(+0.35T),fourscanswererecorded, and the XAS signals were processed
using simple normalization as ///,, where / is the total electron yield
signal of our sample and /, is the photocurrent fromagold meshasaref-
erence. Thisenabled usto recover the differences fromthe X-ray beam
intensity (caused by the variationin the storage ring current due to the
top-upinjectionmode) during each XAS measurement. The XMCD spec-
trawere obtained by subtracting the averaged XAS spectrum detected
under positive and negative magnetic fields. XMLD measurements were
carried out at the same beamline under identical base pressure and
photon-energy calibration conditions. The Cr L, ;-edge XAS spectra
wererecordedintotal electronyield mode usinglinearly polarized light.
Toextract the XMLD signal, two sets of XAS spectrawere collected with
theelectricfield vector of theincident X-rays oriented parallel (E,) and
perpendicular (E,) to the IP crystallographic axis of the sample, cor-
respondingto normal and grazingincidence geometries, respectively.
The XMLD intensity was obtained as the difference AI(E) =I(E,) - I(E,)
after normalization to the edge jump. Temperature-dependent XMLD
measurements were performed between 80 and 300 K to probe the
evolution of the Cr 3d orbital anisotropy and magnetic ordering.

Raman spectroscopy
Raman spectroscopy was carried out using a LabRAM HR Evolution
spectrometer with 532 nm laser excitation.

DFT calculations

Thefirst-principles calculations are performed within the framework of
DFT using the projector augmented-wave method**** as implemented
in the Vienna ab initio simulation package*. The exchange-correlation
termis treated using the generalized-gradient approximation of the
Perdew-Burke-Ernzerhof functional®. A plane-wave basis set with a
kinetic energy cut-off of 500 eV was adopted for Kohn-Sham orbital
expansion. The 2D Brillouin zone was sampled by a Monkhorst-Pack*®
k-point mesh, and it is 6 x 7 for all orthorhombic magnetic configura-
tions. A sufficiently large vacuum layer of at least 20 A along the OOP
directionwasadopted to eliminate theinteractionamongimages. Disper-
sion correction was performed at the vdW-DF level*, with the vdW-DF2
functional’® for the exchange potential. The positions of the atoms were
fully relaxed until the Hellmann-Feynman force on each atom was less
than 0.005 eV A and the energy difference between two consecutive
self-consistent steps was less than 107 eV. To address strong electron
correlationeffectsin Cr3dorbitals, the DFT + U formalism®~*?was applied
with Hubbard parameters U=3.0 eV and /= 0.6 €V, respectively. In the
z-AFM/FM bilayer, FM-z-AFM lattice mismatch still held, and a precise
superlattice comprising 1,356 atoms was implemented to constrain
optimized lattice mismatch below 3%.

Data availability
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