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Multiferroic oxides, which host coexisting ferroelectric and magnetic orders, are central to under-
standing correlated quantum phenomena. Yet, as thickness approaches the two-dimensional (2D) limit,
both ferroelectricity and magnetism are generally expected to be strongly suppressed by depolarization
fields and finite-size effects, respectively. Here, we show that hexagonal LuFeO3 (h-LuFeO3) retains
multiferroic behavior down to a thickness of only one and a half unit cells. The polar structural distortion
remains robust at room temperature and is comparable to that of the bulk, while robust magnetic order
persists at low temperatures. We further find that the magnetic response can be reproducibly modulated
through ferroelectric domain-state control. Structural analysis indicates that the K3 distortion remains
stable down to the two-dimensional limit, providing the basis for the survival of improper ferroelectricity in
this regime. These results establish h-LuFeO3 as an oxide platform in which ferroelectricity and magnetic
order coexist at the atomic-scale limit, and provide insight into how coupled ferroic behavior can persist in
ultrathin complex oxides.
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The exploration of multiferroic materials remains a
central focus in condensed matter physics because the
coexistence of electric and magnetic orders provides a
valuable platform for investigating correlated phenomena
and emergent interactions [1–4]. A major frontier in this
field is to determine whether multiferroicity can survive
when dimensionality is reduced to the atomic limit. In
ultrathin systems, ferroelectricity is typically suppressed by
depolarization fields [5], while magnetic order is destabi-
lized by finite-size effects [6,7]. Whether both ferroic
orders can coexist and whether their coupling can remain
operative at the two-dimensional (2D) limit therefore
remains a fundamental open question. Although multi-
ferroicity has also been explored in two-dimensional van
der Waals materials, issues of environmental stability,
reproducibility, and device compatibility remain important
challenges for practical implementation [8–12]. In contrast,

oxide multiferroics provide a complementary platform with
robust chemical stability, structural tunability, and compat-
ibility with epitaxial interface engineering [13–15]. These
features make oxide systems particularly attractive for
testing whether multiferroic behavior can persist at the
atomic-scale limit.
Recent progress has demonstrated that ultrathin oxide

films can retain noncentrosymmetric structures supporting
ferroelectricity, in some cases even approaching the
monolayer limit [16–18]. However, direct experimental
realization of multiferroicity at the atomic-scale limit has
remained elusive. Most prior studies have either confirmed
ferroelectric order alone or required thicker films to detect
magnetic responses [19–24]. As a result, whether ferro-
electricity and magnetic order can survive together in an
oxide system at the true 2D limit remains unresolved.
Hexagonal LuFeO3 (h-LuFeO3) is a particularly attrac-

tive platform for addressing this question. As an improper
ferroelectric, its polar state is tied to the nonpolar K3

structural distortion rather than driven by a conventional
soft polar mode. This makes the polar distortion intrinsi-
cally less sensitive to depolarization effects than in proper
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ferroelectrics [25]. In real ultrathin films, however, sub-
strate-induced interfacial clamping can still suppress theK3

distortion and destabilize the polar phase [20,24]. A key
question, therefore, is whether this improper-ferroelectric
framework can preserve the polar distortion and, at the
same time, sustain magnetic order so that multiferroic
behavior survives at the true 2D limit.
In this Letter, we show that h-LuFeO3 retains robust

ferroelectricity together with persistent magnetic order
down to a thickness of one and a half unit cells (1.5 UC).
Ferroelectric measurements reveal switchable polarization
in the 1.5 UC film, supported by the persistence of polar
structural distortion observed by atomic-scale structural
characterization. By leveraging the magnetic proximity
effect (MPE) in Pt=h-LuFeO3 heterostructures, we further
detect magnetic ordering through anisotropic magneto-
resistance (AMR) and anomalous Hall effect (AHE) mea-
surements. More importantly, we find that the magnetic
response can be reproducibly modulated through control of
the ferroelectric domain state. These results establish
h-LuFeO3 as an oxide platform in which multiferroic
behavior persists at the atomic-scale limit.

H-LuFeO3 exhibits a layered structure with alternating
Fe-O and Lu-O planes oriented along the [001] direction.
Each unit cell consists of two Fe-O layers and two Lu-O
layers. The Fe atoms are arranged in a planar triangular
lattice, forming FeO5 trigonal bipyramids [26], as illustrated
in the inset in Fig. 1(a). A cooperative rotation and tilting of
these bipyramids, corresponding to the nonpolar K3 dis-
tortion, drives the characteristic trimerized structure of the
hexagonal phase. Through its coupling to the polarΓ−

2 mode,
this distortion gives rise to the polar structure and geometric
improper ferroelectricity in h-LuFeO3 [24,27–31]. In addi-
tion, h-LuFeO3 exhibits canted antiferromagnetic order, in
which the Dzyaloshinskii-Moriya (DM) interaction produ-
ces a weak net spin component along the c axis [26,32–35].
A series of thin films with different thicknesses up to

22 UC (25.7 nm) were synthesized using the pulsed laser
deposition (PLD) technique. Initially, a three-layer Lu2O3

buffer was epitaxially deposited on a YSZ (111) substrate,
followed by the deposition of h-LuFeO3 film. The Lu2O3

buffer reengineers the interface and helps alleviate sub-
strate-induced clamping, thereby preserving the K3 related
polar distortion and improving the structural stability of

FIG. 1. (a) HAADF-STEM image revealing the atomic-scale structure of the h-LuFeO3 thin film, where both the upward and
downward polarization domains are observed. The left schematic illustrates the thin film structure, consisting of a 1.5-unit-cell-thick
LuFeO3 layer and a three-atomic-layer Lu2O3 buffer layer on the YSZ (111) substrate. Inset shows the crystal model of h-LuFeO3. Right
panel displays the integrated intensity profile obtained from the blue-shaded area in the HAADF-STEM image. (b) EELS elemental
mapping for the LuM4;5, Fe L2;3, Zr L2;3, and O K edges. (c),(d) Representative enlarged views highlighting the upward and downward
polarization domains. Right panels display the corresponding maps of fitted atomic positions (lower panel) and calculated out-of-plane
Lu-ion displacement (upper panel) derived from the white rectangle-framed areas indicated in the left HAADF images.
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h-LuFeO3 even in the ultrathin regime. During thin film
deposition, the film growth process was monitored in
real time using reflection high-energy electron diffraction
(RHEED), with one RHEED oscillation corresponding to
the completion of half a unit cell of h-LuFeO3 [36]. X-ray
reflectivity (XRR) measurements were employed to cali-
brate the film thickness [36], confirming the one-to-one
correspondence between the RHEED oscillation period and
the sample thickness.
Atomic-scale scanning transmission electron micros-

copy (STEM) was employed to investigate the film
structure. Figure 1(a) displays a typical high-angle annular
dark-field (HAADF) image of the h-LuFeO3 film, where
both upward and downward polarization domains are
clearly observed. The accompanying schematic on the
right illustrates the thin film structure, which consists of
a 1.5 UC h-LuFeO3 layer and a three-atomic-layer Lu2O3

buffer layer grown on a YSZ (111) substrate. Figure 1(b)
presents electron energy loss spectroscopy (EELS) map-
pings of Lu M4;5, Fe L2;3, Zr L2;3, and O K edges, which
reveal distinct compositional profiles and confirm the
structural integrity of the film. Figures 1(c) and 1(d) show
enlarged views that highlight the upward and downward
polarization domains, respectively. In h-LuFeO3, the

paraelectric-to-ferroelectric transition involves in-plane
unit cell tripling for the ferroelectric phase (P63cm) relative
to the paraelectric phase (P63=mmc), characterized by an
“up-up-down” or “down-down-up” displacement of Lu
atoms along [001] [37,38]. Such buckling of the Lu layer
is evident in the 1.5 UC sample, indicating the retention of
the polar structure of h-LuFeO3. The Lu displacements
were further quantified from the HAADF images, yielding
an out-of-plane displacement magnitudes of ∼44 pm. This
value is comparable to that of bulk (∼41 pm for
Lu0.5Sc0.5FeO3 single crystal) [37], indicating that the
characteristic polar structural distortion remains essentially
preserved. Although the Lu displacement is not a direct
quantitative measure of polarization, its comparable mag-
nitude strongly suggests that room-temperature (RT) ferro-
electricity remains robust in the 1.5 UC film, with no
obvious suppression of the polar distortion by depolariza-
tion effects.
Figure 2(a) shows the RHEED pattern for the 1.5 UC

h-LuFeO3, where additional streaks appear at the 1=3
and 2=3 positions indicating the in-plane unit cell
tripling (P63cm) relative to the paraelectric phase
(P63=mmc) [Fig. 2(b)]. Together with the STEM obser-
vations, the presence of a ferroelectric polar structure is

FIG. 2. (a) RHEED pattern of the 1.5 UC h-LuFeO3, exhibiting additional streaks at the 1=3 and 2=3 positions. (b) Illustration of the in-
plane unit cell tripling in the ferroelectric phase (P63cm) compared to the paraelectric phase (P63=mmc). The paraelectric phase exhibits a
simple hexagonal structure, while the ferroelectric phase undergoes a

ffiffiffi
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p � ffiffiffi

3
p

reconstruction in the a-b plane due to structural distortions,
as indicated by the red lines, resulting in a tripled unit cell. (c),(d) PFM phase and amplitude images of ultrathin 1.5 UC h-LuFeO3,
obtained after sequential application of tip biases ofþ3 and−3 Vover a 5 × 5 μm2 area, the scale bar is 1 μm. (e) Local PFMspectroscopy
reveals a robust 180° phase hysteresis. (f) Butterfly-shaped amplitude (d33) loops with switching voltages around 0.4 V.
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confirmed in the 1.5 UC h-LuFeO3 film. These results
suggest the absence of critical thickness in improper
ferroelectric films [25].
To verify the RT ferroelectricity and its switchability, we

performed piezo-response force microscopy (PFM) mea-
surements on the 1.5 UC h-LuFeO3 film [36]. Figures 2(c)
and 2(d) show PFM phase and amplitude images scanned
under þ3 and −3 V tip bias in different regions over a
3 × 3 μm2 area, respectively. Stable remanent polarization
with clear bipolar contrast is observed, indicating reversible
polarization states of the film. Local PFM switching
spectroscopy demonstrated robust ferroelectric switching

behavior in the 1.5 UC h-LuFeO3. As shown in Figs. 2(e)
and 2(f), with switching voltages around 0.4 V, a well-
defined 180° phase hysteresis loop and butterfly-shaped
amplitude (d33) loops are observed, suggesting stable
polarization switching. Time-dependent PFM imaging
was also conducted to evaluate the retention properties
of the film. The results show that stable polarization
patterns persist over 3.5 h, confirming the exceptional
retention and long-term stability of the 1.5 UC h-LuFeO3

[36]. Detailed analysis show that the temporal evolution of
the ferroelectric polarization follows a power-law decay
[18,39,40]: PðtÞ ¼ P0 · t−α where PðtÞ is the polarization

FIG. 3. (a) Schematic of the Hall bar device used for magnetic characterization. (b) Temperature-dependent ZFC and
FC magnetization curves from SQUID measurements on the 22 UC samples, confirming a magnetic transition at 130 K.
(c)–(f) Temperature-dependent AMR measurements performed on h-LuFeO3 films with thicknesses of 22, 9, 4, and 1.5 UC.
(g) The AMR signal disappeared at approximately 130, 70, 50, and 25 K, respectively, corresponding to the magnetic transition
temperatures (TN) for each thickness. Insert: AMR signal strength at a constant measurement temperature of 10 K, showing a
progressive reduction with decreasing sample thickness. (h) Phase diagram of h-LuFeO3 magnetic transition temperature as a function
of layer number. Square data points represent results from this Letter, while circular data points are taken from previous literature [32].
The black line represents a fit to the magnetic transition temperature (TN) for samples with 9 UC or more (N ≥ 9) using the finite-size
scaling formula: tðNÞ ¼ 1 − TNðNÞ=TNð∞Þ ∼ N−λ, λ ¼ 2.067. The red line is a linear fit to TN for samples with 9 UC or fewer. The
blue region corresponds to the canted antiferromagnetic phase, while the pink region represents the paramagnetic phase.
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strength at time t, P0 is the initial polarization, and α is the
power-law exponent. The extracted exponent, α ¼ 0.028, is
remarkably small, indicating that the polarization decays
extremely slowly over time. These results highlight the
robustness of the ferroelectricity in the 1.5 UC h-LuFeO3

film, underscoring their potential for long-term stability in
applications.
The bulk h-LuFeO3 is a spin-frustrated system, exhibit-

ing weak net magnetic moments at 130 K due to the canted
antiferromagnetic ordering caused by DM interactions
[26]. Considering the fact that the already weak magneti-
zation becomes even more difficult to detect in ultrathin
limit, we use MPE-induced AMR to probe the magnetic
properties of the 1.5 UC h-LuFeO3 film. Specifically, Pt
layers were deposited on h-LuFeO3 films. Pt conduction
electrons align with the adjacent magnetic moments of
h-LuFeO3, inducing spin polarization that sensitively
reflects the films’ magnetic ordering [41,42]. For our
experiments, a 4.5 nm Pt layer was applied, and the
samples were fabricated into Hall bar devices [Fig. 3(a)].
To validate our method, we demonstrate that the AMR
response of a thick film (22UC) exhibits bulk-likemagnetic
transitions, consistent with superconducting quantum inter-
ference device (SQUID) measurements. As shown in
Fig. 3(c), the AMR signal appears below 130 K, matching
the transition (TN ¼ 130 K) observed in zero-field-cooled
(ZFC) and field-cooled (FC) SQUID measurements
[Fig. 3(b)]. These results, in agreement with previous
reports on thicker films [26], confirm that AMR in Pt,
driven by interfacial proximity effects, is a reliable tech-
nique for probing the magnetic properties of the ultrathin
h-LuFeO3 films.
Figures 3(d)–3(f) show the temperature dependence

of the AMR signal for samples with thicknesses of 9,
4, and 1.5 UC, respectively. The AMR signal is observed
to vanish above the magnetic transition temperature TN .
Figure 3(g) depicts the TN for samples of varying
thicknesses. It is evident that as the film thickness
decreases, TN monotonically decreases from the bulk
value of 130 K in the 22 UC sample to 25 K in the
1.5 UC film. Furthermore, at a fixed temperature of 10 K,
the amplitude of the AMR signal also decreases with
reducing thickness [Fig. 3(g), inset]. This behavior aligns
with the universal scaling law commonly observed in
magnetic thin films [Fig. 3(h)]. Specifically, the shift in
TN follows a power-law dependence for thicker films:
tðNÞ ¼ 1 − TNðNÞ=TNð∞Þ ∼ N−λ, where N is the number
of monolayers and λ is the scaling exponent. As the film
thickness approaches the ultrathin limit, the behavior
transits to a linear dependence of tðNÞ ∼ N. These results
are in good agreement with theoretical predictions for
magnetic thin films [6,7,43,44]. Importantly, even in the
2D limit, relatively strong magnetism is preserved in the
1.5 UC sample, highlighting the remarkable 2D magnetic
properties of the h-LuFeO3 system.

To further confirm that the observed AMR signals are
intrinsic to h-LuFeO3, we introduced a 2 nm Cu spacer
layer between the Pt and h-LuFeO3 layers to block
magnetic proximity effects [45]. In this configuration,
the AMR signals vanish across the entire temperature
range [36], confirming that the Pt-AMR measurements
accurately reflect the inherent magnetic properties
of h-LuFeO3.
To probe the coupling between ferroelectric and mag-

netic degrees of freedom, we applied an external electric
field to align the ferroelectric polarization direction of the
sample and then examined the corresponding magnetic
responses. Specifically, an electric field of 1.5 V=100 nm
was applied to polarize the film [36]. After poling, the
electric field was removed, and all subsequent magnetic
measurements were carried out in zero field. As shown in
Fig. 4(a), AMR measurements at 10 K revealed a signifi-
cant enhancement in the signal for the electrically poled
1.5-UC h-LuFeO3 film, with polarization aligned along
þZ, compared to the initial unpoled state with spontaneous
polarization. This enhancement indicates an increase in the
magnetic moment along the c-axis. To further investigate
this effect, we also measured the AHE in the Pt layer at
10 K, which similarly reflects the magnetism of h-LuFeO3

through the magnetic proximity effect at the interface. The
AHE signal is likewise enhanced after electric poling,
indicating an increased net magnetic moment in the poled
state [Fig. 4(b)].
Next, we applied an electric field of equal magnitude but

in the reverse direction (−Z) to the sample. This reversal led
to a complete switching of the ferroelectric domains,
polarizing the system along the −Z direction. Under these
conditions, the AHE signal remains essentially the same as
that obtained after þZ poling. This indicates that reversing
the ferroelectric polarization direction does not reverse the
sign of the magnetic response. In contrast, when the poled
sample is allowed to relax for an extended time, the
ferroelectric state evolves away from the saturated sin-
gle-domain configuration toward a multidomain state, as
indicated by the ferroelectric retention measurements.
Correspondingly, the AHE signal is significantly reduced
after such relaxation [Fig. 4(b)]. These results establish a
direct correlation between the ferroelectric domain state
and the magnetic response: the magnetic signal is maxi-
mized in the saturated single-domain state and suppressed
in the relaxed multidomain state.
This ferroelectric domain–dependent modulation of the

magnetic response highlights a distinctive form of intrinsic
magnetoelectric coupling in h-LuFeO3 [46–49]. In this
system, both ferroelectricity and magnetism originate from
the same underlying non-centrosymmetric K3 distortion.
The K3 distortion drives the trimerization of the FeO5

bipyramids and the buckling of the Lu layers, thereby
stabilizing the improper ferroelectric state. Through spin-
lattice coupling, including single-ion anisotropy and the
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DM interaction, the same lattice distortion also enables spin
canting and a weak net moment along the c axis. Because
both order parameters share this common structural origin,
the magnetic response remains coupled to the ferroelectric
domain configuration even in the ultrathin limit.
Beyond this shared structural origin, the topological nature

of the ferroelectric domain structure provides a unique
pathway for magnetoelectric coupling via domain walls
[50–55] [Fig. 4(c)]. In hexagonal improper multiferroics,
the phase Φ of the K3 mode determines the structural
trimerization, while the spin orientation ψ is constrained
by magnetic anisotropy as M ¼ −Ms cosðΦ − ψÞ, where

Ms is the saturated magnetization. Within a single ferro-
electric domain, ψ is locked to Φ with a phase difference of
nπ [33,52], giving the maximum weak ferromagnetic
moment. Across a ferroelectric domain wall, however, Φ
rotates by π=3, and ψ is expected to evolve accordingly. This
leads to a local mismatch between Φ and ψ (Φ − ψ ≠ nπ),
thereby suppressing the weak ferromagnetic canting
[Fig. 4(d)], manifested as clamped antiferromagnetic walls.
When the density of such walls increases, the overall
magnetic response is correspondingly suppressed.
Our observations are fully consistent with this picture.

The þZ and −Z saturated states exhibit the same AHE

FIG. 4. (a) AMR measurements at 10 K on the 1.5 UC h-LuFeO3 after applying a strong electric field of 1.5 V=100 nm across parallel
metal electrodes. The black curve represents the initial spontaneous-polarization state, while the red curve corresponds to the magnetic
signal after applying the electric field, with the ferroelectric polarization is aligned in a single direction. (b) AHE signal under different
ferroelectric polarization conditions at 10 K. The black solid line represents the initial spontaneous-polarization state, while the red
dashed line shows the AHE signal after full positive polarization (þZ). The blue dashed line corresponds to the AHE signal when the
sample is fully polarized in the reverse direction (−Z). The green solid line corresponds to the relaxed multidomain state obtained after
the poled sample was left undisturbed for 24 h. (c) Schematic illustration of the K3 lattice distortion and the definition of phase Φ and
spin orientation ψ . The black arrows denote the structural trimerization associated with the FeO5 bipyramids, and the red arrows indicate
the spin orientation. Within a single ferroelectric domain, Φ and ψ are locked with a phase difference of nπ. (d) Schematic of the six
degenerate ferroelectric domain states defined by the phase Φ of the K3 distortion. In a saturated single-domain state, the weak net
moment is maximized. Across a ferroelectric domain wall, the local phase relation betweenΦ and ψ is disrupted, giving rise to clamped
antiferromagnetic walls and a reduced net magnetic response in the multidomain state.
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magnitude, showing that the ferroelectric polarization
direction does not directly determine the sign of the weak
ferromagnetic moment. By contrast, the multidomain state
gives a substantially smaller AHE signal, consistent with a
larger population of clamped antiferromagnetic walls and a
reduced net moment. The reproducibility of this behavior
across multiple samples indicates that it is not a stochastic or
extrinsic effect, but rather a consequence of the intrinsic
domain topology of h-LuFeO3. We therefore interpret the
observed behavior not as bulk magnetoelectric coupling
effect, but as domainwall-mediatedmagnetoelectric coupling
effect, which can be topologically governed, structurally
encoded, and electrically tunable modulation of magnetic
response through ferroelectric domain-state control.
In summary, we have shown that 1.5-UC h-LuFeO3

retains robust ferroelectricity together with persistent mag-
netic order at the two-dimensional limit. The polar struc-
tural distortion remains comparable to that of the bulk, and
the magnetic response can be reproducibly modulated
through control of the ferroelectric domain state. These
results indicate that the K3 driven improper-ferroelectric
framework, together with interface engineering, enables
multiferroic behavior to persist despite the strong suppres-
sion effects usually encountered in ultrathin films. The
films also remain stable after prolonged air exposure,
underscoring the environmental robustness of this oxide
system. Our findings establish h-LuFeO3 as a model
platform for exploring low-dimensional multiferroics and
provide guidance for designing oxide-based spintronic and
nanoelectronic devices at the atomic-scale limit.
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