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Hafnium oxide-based ferroelectric thin films are widely recognized as a CMOS-
compatible and highly scalable material platform for next-generation non-
volatile memory and logic devices. While out-of-plane ferroelectricity in haf-
nium oxide films has been intensively investigated and utilized in devices,
purely in-plane ferroelectricity of hafnium oxides remains unexplored. In this
work, we demonstrate a reversible structural modulation of the orthorhombic
phase Hf 5Zrg 5O, films between (111)-oriented [HZO(111) o] multi-domain and
(100)-oriented [HZO(100),] single-domain configurations by altering per-
ovskite oxide buffer layers. Unlike conventional out-of-plane polarized
HZO(111), films, the HZO(100), films exhibit uniaxial in-plane ferroelectric
polarization, sustained even at a thickness of 1.0 nm. Furthermore, the in-plane
ferroelectric switching achieves an ultralow coercivity of ~0.5 MV/cm. The
HZO0(100), phase is stabilized by a staggered interfacial reconstruction, driven
by the delicate interplays between symmetry mismatch and surface energy.
These findings pave the way for innovative device designs and strategies for
modulating the functionalities of hafnium oxide-based ferroelectrics.

Ferroelectric (FE) thin film has been recognized as a key component for
developing nonvolatile memory devices, mainly due to their highly
tunable and electrically switchable FE polarization'. Although the cur-
rent mainstream FE memory architectures, including FE random-access
memory, FE tunnel junctions, and FE field-effect transistors, are all
developed based on FE thin films with out-of-plane polarization®, the FE
thin films with tilted or purely in-plane polarizations have also attracted

burgeoning research interests during the past decades®”. The in-plane
FE polarization is strongly coupled with the ferroelastic strain, electro-
static potential, octahedral rotation, and mobile carriers in the hetero-
epitaxial heterostructures, which stabilizes intriguing physical
phenomena such as polar vortex’, self-organized “superdomains”, and
hybrid improper ferroelectrity’. Moreover, the in-plane polarization
switching can effectively deplete or accumulate mobile carriers at the
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charge domain walls and heterointerfaces, which offers new device
designs with non-volatile memory and logic functionalities” . According
to these exciting progresses, developing suitable methods to modulate
the FE film polarization directions (out-of-plane or in-plane) could be
essential for the future advancements of FE thin-film-based research, in
both fundamental and device application aspects.

HfO,-based thin films have been recognized as one of the most
promising ferroelectrics due to their robust FE polarization for thick-
ness down-scaling and CMOS-compatibility”* ™. Recent advancements
in lowering coercive fields (Ec) of HfO,-based thin films further pave
the way for cost-effective memory devices'®”. Note that most of the
currently reported FE hafnium oxide films and related devices utilize
out-of-plane polarization only'®. Harnessing the FE polarization direc-
tion and achieving purely in-plane polarization, if realized in HfO,-
based ferroelectrics, could further leverage their appealing features
and expand their application potential for innovative nanoelectronics.
However, most HfO,-based FE films are polycrystalline with random
polarization directions, which complicates the modulation and evo-
lution of the FE film polarization components®°.

Compared with the polycrystalline counterparts, HfO,-based FE
films epitaxially grown on ABO; perovskite oxides exhibit much more
uniform structural domain configuration and growth orientation” >,
Although these films are grown in a domain-matching epitaxial growth
mode?, epitaxial strain has considerable impacts on the volume ratio
and spatial distribution of polar/non-polar phases in epitaxial
Hf 5Zro50, (HZO) films®?., Recent literature further highlights the
critical role of HZO/ABO; heterointerface structure in stabilizing the
structural phase and even modulating the FE properties”’ >°. Accord-
ingly, clarifying and harnessing the interfacial coupling mechanism
between HZO and ABO; perovskite lattices could further enhance the
tunability of FE properties and even achieve purely in-plane ferroe-
lectricity in the HZO films.

In this work, by harnessing the interfacial coupling between HZO
and ABO; perovskite lattices, we can flexibly switch the growth
orientations of HZO films. Specifically, the HZO film grown on
Lag ¢7Sr0.33Mn05(110) [LSMO(110)] surface shows typical (111)-oriented
orthorhombic (0) multi-domains, while the film grown on SrTiO3(110)
[STO(110)] displays an unconventional (100)-oriented O phase
[HZO(100)0]. Comprehensive FE characterizations on these
HZO0(100), films demonstrate an uniaxially-polarized in-plane ferroe-
lectricity, which is rarely observed in HfO,-based ferroelectrics. The
[001]o-oriented FE polarization can persist in the HZO(100),, film even
down to 1nm thick. Atomic-scale structural characterizations and
density functional theory (DFT) calculations further revealed that this
uniaxial in-plane ferroelectricity is stabilized by a “stagger-like”
reconstruction at the HZO(100)o/STO(110) interface, triggered by the
subtle balance between symmetry mismatch and surface energy. Our
work showcases an effective modulation of the FE polarization orien-
tation of HfO,-based heterostructures, which is expected to open a
novel pathway for exploring innovative FE device designs of non-
volatile memory and logic functionalities.

Results

We grew the HZO films on LSMO-buffered STO(110) substrates using
pulsed laser deposition (see procedural details in the Method Section).
We fixed the thickness of the HZO layer (¢4z0) at 10 nm and varied the
thickness of the LSMO buffer layer (¢, spo) from O to 70 unit cells (u.c.,
one unit-cell corresponds to ~0.28 nm). Interestingly, the X-ray dif-
fraction (XRD) 26-w linear scans of the HZO/LSMO/STO(110) hetero-
structures (Fig. 1a) strongly suggest that the structural phase and
growth orientation of HZO can be effectively modulated by adjusting
tismo- For the samples with £ smo =5 u.c., the Bragg reflection of the
HZO layer appears at 20 ~30.2°, corresponding to the (111) diffraction
of FE O-phase [HZO(111),, Fig. 1d]*. The clear Laue fringes around the
HZO(111), diffraction and sharp rocking curves further attest to the

high epitaxial quality (Supplementary Fig. S1). This HZO(111),, diffrac-
tion peak intensity decays gradually as ¢, spo decreases to 3 and 2 u.c.
Meanwhile, another diffraction peak emerges at 20 ~ 34.2°, close to the
(100) diffraction of HZO M-phase [HZO(100)y]. For the HZO film
grown directly on STO(110) substrate (¢ smo = 0), the 26-w curve only
displays a diffraction peak at 260-33.7°, which is close to the
HZ0(100),, diffraction. Temperature-dependent 26-w curves (Supple-
mentary Fig. S2) further reveal distinct tetragonal (T) to O-phase
transitions upon cooling. The HZO/LSMO/STO(110) sample exhibits a
clear structure phase transition from T(101) to O(111), consistent with
previous reports®. By contrast, the HZO/STO(110) sample displays a
continuous peak shift only, corresponding to the transition from
HZO(001)t to HZO(100),, accompanied by a gradual increase of out-
of-plane lattice constant.

To identify the nature of LSMO buffer layer-mediated structural
modulation, we further introduced multi-layer buffers underneath
HZO and characterized the structural evolutions. As shown in Fig. 1b,
we first inserted an additional STO layer between the 5 u.c. LSMO layer
and the 10 nm HZO layer [HZO/STO/LSMO/STO(110)]. As the thickness
of the STO (tsto) layer increases, the HZO(111), diffraction peak gra-
dually decays while the HZO(100)y and HZO(100)o diffractions
emerge in the 26-w linear scan. As tsto increases to 5u.c., the 26-w
linear scan displays HZO(100), diffraction only. Second, we further
inserted an additional LSMO layer between the HZO and the afore-
mentioned STO(S u.c.)/LSMO(Su.c.) bilayer buffer. As the ¢smo
becomes thicker, we observed the recovery of HZO(111), diffraction
(Fig. 1c). These results strongly suggest the pivotal role of the buffer-
layer surface [LSMO(110) or STO(110)] in determining the structural
phase and growth orientation of the HZO films. In other words, the
HZO structural modulation should be interface-mediated.

We now turn to investigate the atomic structure of the HZO/
LSMO/STO(110) and HZO/STO(110) heterostructures. Figure 2a shows
the high-resolution scanning transmission electron microscopy
(STEM) images of the HZO/LSMO(5 u.c.)/STO(110) sample, acquired in
high-angle annular dark field (HAADF) mode and viewed along the
STO[001] zone axis. Moreover, the HZO region of the HAADF-STEM
image displays a multiple-domain configuration. All the domains share
the same out-of-plane (111), axis but distinct in-plane crystallographic
orientations. The fast Fourier transform (FFT) analysis (Fig. 2b) further
confirms that the HZO domains are (111)o-oriented O-phase. And the
structure model (Fig. 2c) aligns well with the HAADF-STEM image. In
sharp contrast, the HAADF-STEM image of the HZO/STO(110) sample
(Fig. 2e) displays a distinct atomic structure and epitaxial relationship.
To image the atomic structure of the HZO/STO(110) sample, we
acquired the STEM image along a specified zone axis: rotating by 45°
with respect to the STO[001] axis™. Viewed along this axis, the
STO(110) region shown in Fig. 2e only displays dim lines while the HZO
region displays a uniform atomic contrast, in which the Hf (Zr) atoms
self-organize into paired columns. By comparing the FFT pattern and
structure model (Fig. 2f, g), we confirmed that the HZO film turns out
to be (100)p-oriented O-phase. The distinct atomic arrangements
between HZO/LSMO(110) and HZO/STO(110) heterostructures further
suggest the essential role of the interface in modulating the HZO
structure.

To further reveal the epitaxial relationships and domain configura-
tions of the HZO/LSMO/STO(110) and HZO/STO(110) heterostructures,
we conducted pole figure measurements around asymmetrical HZOf{-
111}, reflections (Fig. 2d, h). For the HZO/LSMO/STO(110) sample, the
pole figure of the HZO(111)o shows 12 {-111},, reflections located at x ~ 71°
(Fig. 2d). These reflections are paired into six sets, each separated by an
azimuthal angle ¢ ~ 60°, indicating the presence of 4 HZO domain var-
iants. The corresponding epitaxial relationships between these 4 HZO
domain variants and the LSMO buffer layer are depicted in Fig. 2d:
HZO[01-1]o//LSMO[2-2-1], HZO[01-1]o//LSMOI[2-21], HZO[01-1]o//
LSMO[-22-1], and HZO[01-1]o//LSMOI[-221]. Such a 4-variants domain
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Fig. 1| Structural evolutions of HZO-based heterostructures on STO(110) sub-
strate. a XRD 20-w linear scans of HZO films grown on LSMO-buffered STO(110)
substrates. The thickness of LSMO buffer layer ¢, s\ varies from O to 70 u.c. b XRD
20-w linear scans of HZO films grown on STO/LSMO bilayer buffered STO(110)
substrates. The thickness of STO layer (¢sto) varies from O to 5 u.c. ¢ XRD 20-w
linear scans of HZO films grown on LSMO/STO(5 u.c.)/LSMO(S u.c.) tri-layer buf-
fered STO(110) substrates. The thickness of the top LSMO buffer layer (¢, smo) varies

from O to 8 u.c. The (111), (100) diffractions of orthorhombic HZO [HZO(111), and
HZO(100),] and the (100) diffractions of monoclinic are marked by dashed lines.
The insets are schematic stacking sequences of these HZO-based heterostructures.
The thickness of HZO layer (t;70) is fixed at 10 nm. d Schematic illustration of the
atomic structure and growth orientations of the LSMO and orthorhombic HZO
unit cell.

configuration is stabilized by the interplay between strain-mediated
symmetry modulation and the surface energy®*2.

Compared to the HZO/LSMO/STO(110) sample, the HZO/STO(110)
sample displays a distinct domain configuration and epitaxial relation-
ship. The pole figure (Fig. 2h) only displays four bright HZO{-111}¢ spots
near y~55°, separated by an azimuthal angle ¢ ~90°, demonstrating a
four-fold symmetry. In this regard, the epitaxial relationship between
HZO(100)o and STO(110) is much simpler: HZO[011]//STO[1-10] and
HZO[01-1]//STO[002] (Fig. 2h). Consistent with the XRD results shown in
Fig. 1, the 4-variants or single-variant domain configurations are deter-
ministically stabilized by the underneath buffer layer [LSMO(110) or
STO(110)]. Given an intermediated buffer layer thickness, the pole figures
exhibit a coexistence of both domain configurations (Supplementary
Figs. S3 and S4), signifying a mixed HZO(100)o, and HZO(111)o phases.
The distinct epitaxial relationships between the HZO/LSMO/STO(110)
and HZO/STO(110) heterostructures can be further corroborated by the
3-dimensional reciprocal space mappings (3D-RSM, See Supplementary
Figs. S5 and S6).

Since HZO is polarized along the [001],, axis®, FE polarization of
multi-domain HZO(111), film should consist of both the out-of-plane
and in-plane components. By contrast, the single-domain HZO(100)o
film is expected to show uniaxial in-plane polarization. Based on this
consideration, we quantitatively compare the FE properties of these

two types of HZO samples. For the HZO(111)o/LSMO/STO(110) sample,
the electric field-dependent out-of-plane polarization (P,.-E) curves
display well-defined FE hysteresis loops, and the piezoresponse force
microscopy (PFM) images display strong out-of-plane PFM signal but a
weak in-plane PFM signal (Supplementary Figs. S7 and S8), consistent
with our previous reports*?, For the 10-nm thick HZO(100)/STO(110)
film, we patterned interdigitated Pt top electrodes to apply lateral £
and measured the in-plane polarization (P;,) (Fig. 3a, see Methods for
details)**. The P;,-E curves measured along the in-plane HZO[001], axis
(Fig. 3b) display well-defined FE hysteresis loops and the remnant
polarization (P;) value reaches ~20.6 pC/cm? By contrast, the P;,-E loop
measured along the in-plane HZO[010]o axis shows a dramatically
reduced P, below 4.8 uC/cm? (Fig. 3c and Supplementary Fig. S9).
Moreover, the Po,-E curve measured from the HZO(100), film grown
on the Nb-doped STO(110) [Nb:STO(110)] substrate displays a negli-
gible FE signal (Fig. 3d). We also measured the P;,-E hysteresis loops in
the positive-up-negative-down (PUND) mode (Supplementary
Figs. S10 and S11) and acquired both the in-plane and out-of-plane PFM
images (Supplementary Fig. S12). These results further verified the
intrinsic nature of FE polarization switching along the in-plane
HZO[001],, axis.

To further elucidate the uniaxial nature of FE polarization in the
HZO/STO(110) sample, we conducted rotational in-plane PFM
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Fig. 2 | Atomic structures, domain configurations, and epitaxial relationships
of HZO-based heterostructures. a HAADF-STEM image of the HZO(10 nm)/
LSMO(5 u.c.)/STO(110) heterostructure, viewed along the STO[001]. zone-axis. The
inset of (a) is a zoom-in STEM image acquired from the area marked in the yellow
box. b FFT pattern of a (111)p-oriented O-phase HZO domain. ¢ Structure model of
the O-phase HZO, viewed along [0-11] axis. d Left panel: Pole figure measured from
the HZO(10 nm)/LSMO(5 u.c.)/STO(110) sample at 20~ 30.2°. The ¢ and x scanning
ranges are 0-360° and 35-80°, respectively. Right panel: Schematic in-plane epi-
taxial relationships between the HZO(111)o domains and the underlying LSMO(110)
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bottom electrode. e HAADF-STEM image of the HZO(10 nm)/STO(110) hetero-
structure, viewed along the HZO[0O01], axis. The inset displays a zoom-in image
acquired from the area marked in the yellow box. f FFT pattern of a (100)o-oriented
O-phase HZO domain. g Structure model of the O-phase HZO, viewed along the
HZO[001], axis. h Left panel: Pole figure about {11-1} peaks measured from the
HZO/STO sample at 26 - 30.2°, The ¢ and y ranges are 0-360° and 35-80°,
respectively. Right panel: Schematic in-plane epitaxial relationships between the
HZO0(100), lattice and the STO(110) substrate.

characterizations. During scanning, a biased PFM tip can induce an
effective trailing E (Eq.;i) parallel to the slow-scan axis (Fig. 3e)*. By
applying positive and negative biases on the tip, we poled the in-plane
polarized stripe domains on the HZO(100), film and then conducted
the in-plane PFM measurements. The PFM contrast (Fig. 3f, g) is highly
sensitive to the angle between the PFM slow-scan axis and HZO[001]o
axis (Bscan). At Oscan=0°, the alignment of E.,; along the polar axis
[001], gives rise to a strong PFM contrast. As Bs..,, increases, both the
PFM contrasts decay gradually and become negligible at 6., =90°,
further confirming the [001]o-oriented in-plane FE polarization. We
also measured the P;,-E hysteresis loops and in-plane PFM images on
the HZO(100)o/STO(110) films with variable ;70 (Supplementary
Figs. S13-S16 and Supplementary Table S1). These results suggest that
the uniaxial in-plane ferroelectricity persists even when t,z0 reduces
to 1.0 nm.

In addition to the robust uniaxial in-plane ferroelectricity, the
HZO(100), film also exhibits a dramatically reduced Ec. Figure 4
summarizes a series of Ec - tyzo curves extracted from the
literature®**>. For the polycrystalline HZO films, the Ec varied sig-
nificantly from 1 to 30 MV/cm, probably due to the mixed structural
polymorphs and disordered domain configurations'®****¢3°, For the
HZO(111)o/LSMO epitaxial films, the Ec-t;z0 curves follow the Janovec-
Kay-Dunn law [E¢ o (tyz0) %?1***. Despite higher ordered out-of-plane
domain orientations, Ec values of these epitaxial HZO films are in the
range of 2-10 MV/cm*>**%°*3_still more than one order of magnitude
higher than the typical Ec values of perovskite oxide-based

ferroelectrics. The high Ec of HZO is related to its intrinsically higher
polarization reversal barrier'®**, By contrast, the Ec of the in-plane
polarized HZO(100),, films is nearly one order of magnitude lower than
that of the HZO(111)o/LSMO epitaxial films. Especially for the 10 nm
and 15 nm thick HZO(100), films, the Ec reduces down to 0.53 and
0.45MV/cm, even comparable with the BaTiO; epitaxial thin films
(-10 nm)*. In the uniaxially polarized HZO(100),, layer, the in-plane FE
switching is predominately determined by a fast domain wall propa-
gation process along the HZO[0O01]o polar axis. Compared to the
nucleation-limited FE switching in out-of-plane polarized HZO(111)o,
the E required to drive domain wall propagation is much lower***’,
thus resulting in the ultralow Ec (see detailed discussions in Supple-
mentary Figs. S17 and S18). Although this low E¢ still corresponds to a
rather large coercive voltage (V- ~100 V) due to the lateral measure-
ment geometry, our results strongly indicate that intrinsic £c of haf-
nium oxide-based ferroelectrics can be effectively reduced by
enhancing the structural and domain uniformities.

Discussion

Now we turn to explore the origin of interface-stabilized HZO(100)o.
We first grew the HZO films on a variety of (110)-oriented (in pseudo-
cubic notation) perovskite oxide substrates. According to the XRD
results (Supplementary Fig. S19), only the STO(110) and Nb:STO(110)
substrates can stabilize the HZO(100), single-domain configuration,
while the LaAlO3(110) [LAO(110)], NdGaOz(110) [NGO(110), corre-
sponding to NGO(100),], and GdScO5(110) [GSO(110), corresponding
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Fig. 3 | Ferroelectric characterizations of HZO/STO(110) films. a Schematic
diagram and optical microscopic image of the HZO(10 nm)/STO(110) film with
interdigitated Pt electrodes for the in-plane FE characterizations. b, ¢ Electric field-
dependent in-plane polarization (P;,-E) hysteresis loops measured from the
HZO(10 nm)/STO(110) film with £//HZO[001], (b) and £//HZO[010], (c). The E
scanning range (Enyax) varies from 0.5 to 0.9 MV/cm. d E-dependent out-of-plane
polarization (Po-E) hysteresis loops measured from the 10 nm thick HZO film
grown on Nb:STO(110) substrate. The E scanning range (Enay) varies from 2.0 to

6.0 MV/cm. The inset displays the measurement geometry. The top electrodes are
circular-shaped Pt pads. e Left panel: Schematic diagram of switching the in-plane
FE polarization through the tip-induced trailing field. The bias applied on the PFM
tip (Viip) is 7 V. Right panel: Schematic diagram for PFM measurements on uniaxial
polarization of HZO(100)o/STO(110) sample. The angle between PFM slow-scan
axis and HZO[001],, axis is defined as Oscan. In-plane PFM phase (f) and amplitude
(g) images with s, = 0°, 45°, 60°, and 90°. The scanning area is 4 x 4 pm?.

Nature Communications | (2025)16:7385


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62610-3

T T T — — .
Epitaxial films FfOchrystaIline ]
v O Ref.22 —@— Ref. 36 films
© Ref.23 —A—Ref.37 9 Eg;- %g
Ref. v -
o Ref gg —0— Ref. 21
o ' —>— Ref. 41
10 Ref. 42 i
e \0 —o—Ref.43 ]
— o O Ref.44
E e
2 S N o
= ) ¢
(&) ¢ \_\\.
W (¢, ~~. "o
20.) \2/3.\.\ \AX&
~. e
Tt O——go—o0 T ]
Fo— % > ]
T——% o—n
—¥%— This work ~b *\%
1 " M |
1 10
tzo (NM)

Fig. 4 | Ultra-low coercivity of HZ0O(100),/STO(110) films. t;;;0-dependent coer-
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of tyzo0-Ec curves extracted from references are also inserted for comparison. The
tuzoEc curves of epitaxial (polycrystalline) HZO films are plotted in solid (open)
symbols for clarity. The Fc « (ti1z0) % relationship is marked by a dash-dot line.

to GSO(100)o] substrates stabilize the typical HZO(111) o multi-domain
configuration. Considering that these substrates have distinct lattice
constants and surface polarities (Supplementary Table S2), we suggest
that substrate-imposed epitaxial strain and interfacial polar dis-
continuity should not be the main driving forces of the observed HZO
structure modulation. Since both the insulating STO(110) and semi-
conductive Nb:STO(110) substrates can stabilize the HZO(100), single-
domain, we can also rule out the impact of variable interfacial elec-
trostatic screening on the HZO structure. Additionally, we insert a
variety of 5u.c.-thick buffer layers, including NGO, SrRuOs, and
Lag¢7Cap33Mn03 (LCMO) at the HZO/STO(110) interface (Supple-
mentary Fig. S19). None of these buffer layers stabilizes the HZO(100)o
single-domain as STO(110).

According to the above results and discussions, the reorientation
of HZO arises from an interface-mediate structure modulation. Hence,
the detailed atomic arrangement at HZO(100)o/STO(110) should be
reexamined. As shown in Fig. 5a. The high-resolution HAADF-STEM
image viewed along the STO[1-10] zone axis displays an atomically-
sharp HZO(100)o/STO(110) interface with staggered atomic contrasts
(as marked by the yellow line). According to the zoom-in images
(Fig. 5b—-d), the STEM atomic contrasts gradually transit from Hf(Zr)
cation-like to Sr(Ti) cation-like within 1u.c.-thick interfacial region,
signifying a laterally staggered atomic rearrangement in nanoscale
(Fig. 5f). Such a unique atomic-scale interfacial reconstruction is absent
in the HZO/LSMO interface but recovers at the HZO/STO(5 u.c.)/LSMO
interface (Supplementary Figs. S20 and S21). Therefore, the staggered
interfacial reconstruction should be unique for the HZO/STO(110)
interface, which could be highly correlated to the stabilization of the
HZ0(100), single domain.

During film growth, the surface energy differences between film
materials and substrates could be a dominating factor governing the
growth mode and crystallographic orientation. Accordingly, we

calculated the surface energies (y) for various ABO3(110) surfaces and
HfO, (111)o and (100)o surfaces (See details in Supplementary
Figs. S22, S23, and Supplementary Table S3). As shown in Fig. 5e, both
HZO(111)o and HZO(100), surfaces exhibit a rather low y of 1.12 and
1.14)/m?, respectively. These values are close to that of STO(110)
(y=115)/m?). In contrast, other perovskite surfaces show much higher
y values.

Given a much lower y of HZO than that of the ABO5(110) substrate,
domain-matching epitaxy mode should dominate the HZO growth
(Fig. 5f), facilitating a preferential growth of HZO(111) o multi-domains.
Specifically, the domain-matching epitaxial mode is divided into two
steps. Initially, when 1 or 2u.c. thick HZO are deposited onto the
substrate, the adatoms should weakly bond to the ABO3 surface atoms
due to the large difference in y. As HZO grows thicker, the significant
lattice mismatch between HZO and LSMO increases the elastic energy
sharply, which then dominates over the interfacial bonding strength.
Thus, the HZO tends to grow in an island-like mode with in-plane 4-
variants structural domains. This scenario can explain the growth of
HZO(111), films on LSMO(110), LCMO(110), NGO(110), GSO(110), and
LAO(110).

The growth of HZO(100)o/STO(110) film also can be understood
based on the mismatches of y and structural symmetry. The y values of
HZO0(100), (1.14 J/m?) and STO(110) (1.15)/m?) are relatively low and
close to each other, facilitating the formation of interfacial wetting
layers*, i.e. the staggered interfacial layer. Such a nanoscale interfacial
reconstruction could effectively accommodate the lattice mismatch
between HZO(100), and STO(110) and reduce the elastic energy. Thus,
the layer-by-layer growth mode persists, leading to the single domain
HZO0(100)o/STO(110) film. In addition, both the HZO(100)o and
STO(110) share a similar two-fold symmetry, which supports the for-
mation of staggered interfacial reconstruction. Conversely, the
HZO(111), surface, despite its low y (1.12)/m?), cannot form the inter-
facial wetting layer with STO(110) due to the large symmetry mismatch.
In brief, the single domain HZO(100),/STO(110) film with uniaxial in-
plane FE polarization is stabilized by the synergistic matching in both y
and lattice symmetry.

In summary, by engineering the interfacial atomic structure of
ABO5/HZO epitaxial heterostructures, we achieved precise control
over the growth orientation and FE polarization direction of HZO films.
Unlike the out-of-plane polarized HZO(111)o/LSMO(110) films, the
HZ0(100)0/STO(110) films exhibit robust uniaxial in-plane ferroelec-
tricity, sustained even at a thickness of 1 nm. Combining both struc-
tural characterizations and DFT calculations, we suggest that the
HZ0(100), single domain configuration is stabilized by a synergistic
matching in both surface energies and lattice symmetries at the HZO/
STO(110) interface. Moreover, the domain wall propagation-
dominated in-plane FE switching results in an ultralow E¢ of ~0.5 MV/
cm. This uniaxially polarized, easily switchable in-plane ferroelectricity
offers promising opportunities for designing scalable and energy-
efficient in-plane FE tunnel junctions and field-effect transistors, which
may contribute to the development of innovative logic and memory
devices™™. Furthermore, the perovskite oxide buffer-layer strategy
demonstrated here can be extended to manipulate FE polarization and
domain configurations in other hafnium oxide-based thin films and
heterostructures.

Methods

Sample preparations

We deposited both LSMO and HZO thin films using a custom-built
pulsed laser deposition system, equipped with a 248 nm KrF excimer
laser. The chamber base pressure is ~107 Pa, and the sample-to-target
distance was fixed at 5.5 cm. For the LSMO layer deposition, the laser
fluence, substrate temperature, and oxygen partial pressure were
maintained at 2.0J/cm? 700 °C, and 10 Pa, respectively. For the HZO
layer deposition, these parameters were set at 1.0 J/cm?, 900 °C, and
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10 Pa, respectively. After deposition, the heterostructures were sub-
sequently in-situ annealed for 15 min and then cooled down to room
temperature at 30 °C/min.

Structural characterizations
We characterized the structural properties of the HZO films using
XRD and STEM. Crystallographic analyses of the HZO thin films and
HZO/LSMO bilayer heterostructures were carried out using a high-
resolution X-ray diffractometer (PANalytical Empyrean, Cu Kal
radiation) in both 26-w linear scan and pole figure modes. During the
pole figure measurements, the incident beam was configured in
point focus mode, and both the ¢ angle (in-plane sample rotation
angle around the substrate surface normal direction) and y angle
(inclination angle from the substrate surface normal) were scanned
in tandem, with the detector fixed at the Bragg angle of targeted
reflection. Specifically, ¢ scans from 0° to 360° at incremental y
angles ranging from 35° to 80°, with 1° intervals. This approach
effectively assesses epitaxial relationships and structural domain
configurations of the HZO/LMSO/STO(110) and HZO/STO(110)
heterostructures.

Additionally, we performed synchrotron-based 3-dimensional
XRD reciprocal space mapping at the SSRF BLO2U2 beamline with an
X-ray energy of 18.27 keV (wavelength of 0.6785 nm). Diffraction data

were collected using a Huber six-circle diffractometer and an EigerX
500K pixel detector.

STEM specimens were prepared using a Thermo Scientific Helios 5
CX focused ion beam. Before ion-beam milling, an amorphous carbon
layer was deposited on the surface of HZO thin films for protection.
Cross-sectional lamellae (-100-nm thick) were initially cut from the
HZO-based heterostructures using a Ga* ion beam at an acceleration
voltage of 30 kV. These lamellae were subsequently thinned down to
about 40 nm using Ga* ion beams at reduced acceleration voltages of
5kVand 2 kV. Atomic-resolution HAADF-STEM imaging was conducted
using a Thermo Scientific Themis Z microscope operated at 300 kV
and equipped with a probe-forming aberration corrector.

Ferroelectric characterizations

Both the P,-E and P;,-E loops were measured via a Radiant Precision
Premier LC Ferroelectric Tester. During the measurements, triangular
voltage pulses with a frequency of 1kHz were applied, and the max-
imum magnitude of voltage pulse (Vihax) was 200 V. For measuring the
P;,-E loops, platinum (Pt) films were magnetron sputtered onto the
HZO/STO(110) film surface and patterned into interdigitated electro-
des via photolithography. As shown in Supplementary Fig. S9a, b, we
patterned an array of interdigitated electrodes with E parallel to
HZO[100]o, HZO[010]p, and HZO[110]p axes. The alignment of
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interdigitated electrodes was confirmed via XRD pole figure mea-
surements and by referencing the [1-10]-oriented edge of the STO(110)
substrate. Within each set of interdigitated electrodes, the lateral dis-
tance between adjacent Pt stripes (d) was uniformly controlled at 2 pm.
According to the finite element simulations on the spatial distribution
of £ between two in-plane electrodes via COMSOL Multiphysics (Sup-
plementary Fig. S24), the E strength between interdigitated electrodes
is rather homogeneous. Therefore, it is reliable to use the nominal
E = V/d for determining the £ from the P;,-E loops measured from the
HZO/STO(110) films. The surface morphologies and PFM measure-
ments were performed on HZO films at room temperature using an
Asylum Research MFP-3D Origin+ microscope (Oxford Instruments).
When measuring PFM, the substrate and bottom electrodes were
grounded and the bias (V) was applied on a conducting tip. During
the in-plane PFM measurements, a biased PFM tip can induce an
effective trailing field parallel to the slow-scan axis. By applying posi-
tive and negative biases on the tip, we poled the in-plane polarized
stripe domains on the HZO(100),, film and then acquired the in-plane
PFM signals.

Density functional theory calculations

DFT calculations are carried out using the Vienna ab initio simulation
package (VASP) with the projector-augmented wave (PAW) method**~!
and the Perdew-Burke-Ernzerhof exchange-correlation functional for
solid (PBEsol)*2. The electronic wave functions are expanded in a plane-
wave basis set with a cut-off energy of 600 eV. The ABO3(110) surfaces
are modeled with slabs consisting of 11 atomic layers, the thickness of
which has been tested converged for the surface energy calculations
(Supplementary Fig. S22). Noticed that previous studies’** have
shown that the O-terminated stoichiometric STO(110) slab has the
lowest surface energy, here we focus on this particular termination.
The surface energy of HfO, is calculated based on the high-
temperature precursor T phase, with (101)y and (001)r surfaces cor-
responding to (111)o and (100), surfaces, respectively (Supplementary
Fig. S23). The Brillouin zones of ABO5(110), HfO,(001)+, and HfO,(101)1
slab models are sampled with I'-centred (4 x 3 x 1), (6 x 6 x 1), and (6 x
4 x 1) Monkhorst-Pack k-point meshes>, respectively. All structures are
fully optimized until the residual atomic forces are below 0.01 eV/A.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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