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Grainboundaries (GBs) can tailor the macroscopic properties of
polycrystalline materials via their intrinsic structural and electronic

states. However, as independent heterointerfaces, their role in stabilizing
grain phases remains largely unexplored, especially at the atomic scale.
Here we report that chemically ordered heterogeneous GBsin ZrO, thin
films act as active stabilizers of a metastable polar phase. The atomically
sharp and ordered La(Sr)-Mn-O configurations at GBs are identified at

the atomic scale. The resultant charge ordering and bond covalency of the
GBs are validated by four-dimensional scanning transmission electron
microscopy. This structural motifinduces e,/t,, orbital ordering of Mnions
at GBs, modulating Zr-0 bond strength to stabilize the polar phase. This
work establishes a GB-centric paradigm for engineering nanoscale phase
diagrams, offering a promising strategy for designing metastable functional
materials via GB chemistry.

Grainboundaries (GBs), ubiquitous topological defectsin polycrystal-
line materials, critically govern the macroscopic properties of many
technological materials, including mechanical strength, radiation
tolerance and thermal conductivity' . For example, dense GB net-
worksimpede dislocation motion, yielding pronounced strengthening
and hardening in nanostructured metals and superhard materials”’.
Graphene-decorated GBs suppress grain coarsening for low lattice ther-
mal conductivity while preserving the high electronic performance of
thermoelectrics'® > Despite these advances, prior strategies focusing
on segregation, defect engineering or microstructural modification
have consistently regarded GBs merely as auxiliary units for prop-
erty regulation ™, Yet, as dominant and high-volume-fraction planar
defectsinnanograins, GBs possess inherently distinctand independent
structural and electronic degrees of freedom' ¢, which may modify
atomic diffusion pathways and local electronic states along the GB.
These features suggest that GBs are not only auxiliary regulators®?,
butalsoactasindependent heterointerfaces capable of directly stabi-
lizing grain phase structures and inducing emergent functionalities.

However, the GB-mediated phase regulation, whichwould unlock anew
paradigm of GBs in phase control and functional innovation, remains
essentially unexplored.

The possibility of GB-mediated phase control has become
increasingly notable, especially with the discovery of ferroelectricity
in nanocrystalline fluorites such as HfO,- and ZrO,-based films** ™,
The ferroelectricity stems from a metastable non-centrosymmetric
orthorhombic (O) phase, whose intrinsic instability induces severe
wake-up and fatigue effects® . While factors such as strain®*$,
doping®*, oxygen vacancies**and surface energy*>** have been pro-
posed to explain the O-phase stabilization, their roles are either con-
text dependent or lack atomic-level validation. For instance, stable
ferroelectricity in free-standing HfO,/ZrO, thin films confirms that
substrate-induced strain is not the intrinsic driver for sustaining the
polar phase***. Yet, these ultrathin films are inherently nanocrystalline
witha high density of GBs, which should contribute substantially to the
energy landscape of ferroelectric phases. However, the role of GBs in
stabilizing the O phase at the nanoscale has rarely been mentioned,
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mainly due to the prevailing perception of GBs as auxiliary units,
complex phase coexistence and difficulties in precisely resolving the
atomic-scale structure and chemical composition of GBs***°

Here, we report that a chemically ordered La(Sr)-Mn-O super-
structure at GBs stabilizes the metastable ferroelectric O phase in
ZrO, thin films. The atomically sharp and ordered La(Sr)-Mn-O con-
figurations, exclusively pinned at GBs, are identified by atomic-scale
imaging and electron energy loss spectroscopy (EELS). The resultant
charge ordering and distinct Mn-O electronic interactions are com-
prehensively validated by four-dimensional scanning transmission
electron microscopy (4D-STEM). With the aid of first-principles cal-
culations, we reveal an ordered e,/t,, orbital arrangement of Mn3*/
Mn** at GBs. Such orbital ordering periodically modulates Zr-0 bond
strength via reduced orbital overlap, ultimately stabilizing the ferro-
electric state. These findings establish a stabilization mechanism for
metastable polar phases viaanew GB chemistry, opening avenues for
ultrastable nanoelectronics.

Heterogeneous GBsinferroelectric ZrO, thin
films

To investigate the stabilization mechanism of the metastable ferro-
electric phasein ZrO,, we prepared polycrystalline ZrO, thin films with
abundant GBsvia pulsed-laser deposition (PLD), grown onsingle-crystal
SrTiO;substrates with aLa, ¢, Sr, ;3MnO; (LSMO) buffer layer. Notably,
Zr0, exhibits three prominent polymorphs, tetragonal (T), monoclinic
(M) and orthorhombic (0), with nearly identical formation energies;
among these, the polar O phase is the most metastable and difficult
to stabilize, as schematically illustrated in Fig. 1a (refs. 35,44,45). Our
experiments confirmed the LSMO buffer layer is indispensable for
O-phase formation**’: X-ray diffraction confirmed the high crystalline
quality of O phase in these buffered films, while ZrO, films on LaMnO,
(LMO) or SrMnO, (SMO) buffers lacked the O phase and were dominated
by non-polar T/M phases. Complementary polarization-electric field
(P-E) and current-electric field (/-E) hysteresis measurements further
validated ferroelectric behaviour in LSMO-buffered films, whereas
LMO/SMO-buffered films exhibited no detectable ferroelectric loops
(Extended DataFig.1).

To uncover the microstructural origin of LSMO-enabled O-phase
stabilization, we characterized the GB network and elemental distri-
bution of LSMO-buffered ZrO, films using high-angle annular dark
field (HAADF) imaging and EELS mapping. Large field-of-view HAADF
imagesrevealed pervasive ordered GBs throughout the predominantly
O-phase ZrO, films, which consist of nanocrystals with grain sizes of
several nanometres (Fig. 1b-d and Extended Data Fig. 2). Unexpectedly,
EELS elemental mapping revealed selective segregation of La, Sr and
Mnat these GBs, with these species absentin graininteriors (Fig.le-g
and Extended DataFig. 3). Given the use of LSMO buffer layers during
the PLD process, we deduce that La/Sr/Mn elements diffused from the
buffer layer into the GBs of ZrO, matrix, forming a stable and homo-
geneous GB structure that remains intact even after free-standing
sample preparation and imaging (Extended Data Figs. 4 and 5). Nota-
bly, previous studies overlooked the potential elemental segregation
at GBs from the LSMO buffer layer, due to the challenge of detecting
atomically sharp heterogeneous layers between nanograins. Here, we
resolved this by combining a K3 direct detection counting detector
(GIF Continuum K3) with high signal-to-noise ratio and free-standing
sample geometry, enabling single-atom-column chemical identifica-
tion. This advance laid the groundwork for subsequent atomic-scale
structural determination of GBs.

Atomic structure of the distinct La(Sr)-Mn-0
segregated GBs

Given the selective segregation of La/Sr/Mn at GBs, we determined
the atomic structure of these GBs via integrated differential phase
contrast (iDPC) imaging, atechnique with inherent high sensitivity to

Fig.1|La/Sr/Mnsegregated GBsin ZrO, thin films. a, Schematic of the
polymorphic characteristics of free-standing ZrO, thin films, where abundant
GBsare critical for phase stability. The upper-right inset shows atomic models of
the three predominant phases (tetragonal T, monoclinic M, orthorhombic O);
the polar O phase is metastable and difficult to stabilize. b, HAADF image of
textured ZrO, nanocrystals with prominent GBs marked by dark contrast regions.
c-g, Corresponding EELS elemental mappings of Zr (c), O (d), Sr (e), La (f) and Mn
(g) fromtheregioninb.Scale bar,10 nm. Sr,Laand Mn are selectively enriched
along GBs, whereas Zr is depleted at these boundaries.

light elements such as oxygen. As shown in Fig. 2a, the GB exhibits an
atomically sharp, highly ordered and periodic configuration. By cor-
relating contrastintensity with structural simulations and subsequent
elemental mapping (Supplementary Fig.1), we assigned atomic species:
greenand blue spheres denote Mn and Zr atoms, respectively, while red
spheresrepresent La/Sr-mixed atom columns. For clarity, we overlaid
atomic positions on the same iDPC image using representative spheres
and circles (Fig. 2b). Notably, Mn atoms occupy two crystallographi-
cally distinct sites (labelled Mn, and Mn,) with differing coordination
numbers, arranged in a periodic sequence along the GB.

To quantify these structural features, we further extracted the GB
motif and measured tilt angles and neighbouring atomic distances
(Fig. 2c). The measured tilt angles, 47.6° and 57.2°, represent a distinct
departure from the 53° angle of the standard £5[210] ZrO, GB in the
T-phase®, confirming that La(Sr)-Mn-0 segregation induces struc-
tural modification of GBs. Analysis of Mn coordination environments
(Fig. 2d) reveals clear differentiation between Mn, and Mn,: Mn, adopts
6-fold coordination at the apexes of two trigonal pyramids, while Mn, is
5-fold coordinated at the centre of atetragonal pyramid. Moreover, pro-
jectedMn,~Obond lengths (1.14,1.55and 0.75 A) are shorter than those
of Mn,~Obonds (1.41,1.68 and 0.83 A), indicating stronger electronic
interactions. Thus, the ordered GB structure comprises repeating units
with two submotifs, featuring different tilt angles, atomic distances
and resultant distinct Mn coordination environments.
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Fig. 2| Atomic structure and Mn coordination at GBs. a, Atomic-resolution
iDPC image of the La(Sr)-Mn-0 segregated GB phase viewed along the [010]
zone axis in ferroelectric O-phase ZrO,. Scale bar,1 nm. b, The same iDPC
image overlaid with atomic models and circles for clear visualization of atomic
positions. ¢, Schematic of the GB structural unit, showing key tilt angles and
projected atomic distances derived from experimental data. The black dashed
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circles mark the original lattice sites of Zr atoms in the ideal ZrO, lattice, which
deviate from their intrinsic positions due to lattice distortion induced by the
La(Sr)-Mn-0 segregated GB. d, Schematic of Mn, (6-fold coordination) and Mn,
(5-fold coordination) ions, marking Mn-0 bond lengths and bond angles derived
from experimental data.

Valence state of Mn ions and strain configuration
atGB
To verify elemental occupation and electronic structure at La(Sr)-
Mn-0segregated GBs, we performed atomic-resolution EELS mapping
using a direct electron detector, which enables high noise resistance
under low signal levels. Zr atoms show a marked depletion at the GB
relativeto thebulklattice, whereas La, Srand Mnatoms are enriched at
the GB with minimal diffusioninto the surrounding ZrO, bulk regions
(Fig. 3a). Specifically, the brightest spots highlighted by dotted pink
squares along the GB reveal co-occupancy of La and Sr at the same
lattice sites, with Mn atoms residing at adjacent sites. The alternating
L;-edge peaks at 645.63 and 644.45 eV in the EELS spectra (Fig. 3b)
further confirm two types of Mn ion, arranged periodically along the
GB with different Mn-0 electronic interactions. Corresponding L,/L,
ratio profiles (Fig. 3¢) indicate cation valence states, with reference
ratios marked as blue-shaded bands™, showing obvious alternating
Mn*/Mn** along the GB, implying varied orbital overlap with adjacent
oxygenions, which should be critical for stabilizing the O phase.
Besides charge ordering of Mnions, segregated La/Sr/Mnionsalso
introducelocallattice distortions at GBs. Bulk ZrO, exhibits near-zero
distortion while GB regions show marked deviations, reflecting

localized straininduced by these segregated elements (Fig. 3d), as sup-
ported by straincomponent maps (¢,, Fig. 3e; €,, Supplementary Fig. 2),
which quantify atomic displacements of all cations (Zr, Mn, La/Sr)
relative to the ideal O-phase ZrO, lattice and thus directly map the
spatial distribution of lattice strain. Specifically, the La/Sr ions gener-
ate tensile strain by shifting towards the upper-right corner of the La/
Sr-3Zr quadrilateral, whereas the Mnions produce compressive strain
by moving towards the lower-left corner of the Mn-3Zr quadrilateral,
with Mn, showing weaker strain and Mn, stronger strain. We further
quantified polarization near the GB region based on oxygen off-centre
displacementin each unit cell (Fig. 3f). The ZrO, grain exhibits typical
ferroelectric behaviour with alternating polar and non-polar layers,
while the GB shows a periodically varying polarization state driven by
La/Sr/Mn segregation and oxygenion displacement. In summary, the
La(Sr)-Mn-0 segregated GB is characterized by La/Sr-Mn ordering
with alternating Mn*"/Mn** valence states, which accommodate peri-
odicstrain patterns and polarization discontinuity at this coherent GB.

Orbital ordering and GB stabilization mechanism
To clarify the nature of electronic interactions at the La(Sr)-Mn-0
segregated GB, we performed real-space charge density measurements
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Fig.3| Atomic-resolved elemental mapping, Mn valence state, strain and
polarization of the GB phase. a, HAADF-STEM image and atomic-resolution
EELS mapping of the La(Sr)-Mn-0O segregated GB along the [010] zone axis,
showing the distribution of Zr (yellow), La (red), Sr (blue) and Mn (green) along
the GB, especially the preferential enrichment of La/Sr/Mnions and depletion of
Zr.Dashed pink squares highlight periodic lattice sites with La/Sr co-occupancy
and adjacent Mn-occupied sites. Scale bar, 1 nm. b, Mn L-edge profiles from four
Mnions labelled 1-4 in a, exhibiting two distinct electronic structures in ordered
arrangement. ¢, Mn L,/L, ratio profile, where 1-4 correspond to four Mnions

)

labelled in a, with blue-shaded bands indicating reference ranges for Mn*"and
Mn*". The error bars represent the standard deviation of the mean values, derived
from the errors introduced in background subtraction baseline variations and
datafluctuation among spectra. d, Lattice distortion mapping relative to bulk
Zr0,. e, Unit-cell-scale ¢, strain mapping, corresponding to strain parallel to

the GB. Grey circles mark the original atomic sites in theideal ZrO, lattice. The
rightmost colour bar applies tod and e, representing the percentage of relative
lattice distortion and strain. f, Polarization mapping near the GB, where red and
blue arrows represent polarization states in the bulk ZrO, and GB, respectively.

via 4D-STEM. Charge density maps reveal ordered La(Sr)-Mn-0O
motifs along the GB, with each atom surrounded by distinct nega-
tive charge pockets (Fig. 4a), indicating shared electron density and,
thus, enhanced covalency in the Mn-0 bonding. After subtracting
the nuclear charge contribution from the total charge density, we
clearly identified two types of Mn ion with distinct charge densities,
as highlighted by yellow lines. By contrast, negative charge pockets
between O and Zr columns diminish near the GB relative to the bulk,
corresponding to reduced Zr-0 covalency.

To link these experimental charge observations to orbital-level
mechanisms, we analysed charge density difference via
first-principles calculations. Direct visualization shows substantial
charge transfer from Zr-0 to Mn-0O bonds at the GB: electron density
accumulates prominently around Mn-0 bond regions, while electron
depletion occurs in Zr-0O domains adjacent to the GB (Fig. 4b and
Supplementary Fig. 3). The partial density of states (PDOS) clarifies
that Mn, interacts predominantly via e, orbitals, while Mn, interacts
primarily through ¢, orbitals. This givesrise to alternating Mn;-e,and
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Fig. 4| Charge and orbital ordering analysis and ferroelectric stabilization
mechanism. a, Total charge density map reconstructed from 4D-STEM data
acquired along the [010] zone axis, revealing periodically ordered La(Sr)-Mn-0O
motifs along the GB and distinct negative charge distributions around atoms.
The orange vertical dashed line serves as a guideline to mark the position of the
GB for clear visualization. Electron charge density profile along GB highlights
alternating charge density values for two Mnion types. b, Charge density
difference map of ZrO, with the La(Sr)-Mn-0O segregated GB. The blue regions
denote electron depletion, and yellow regions indicate electron accumulation.
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¢, PDOS analysis of orbital interactions between Mn,/Mn, and neighbouring
oxygenions.d, PDOS of ZrO, near the GB and in the bulk, showing shiftsin Zr
4d-0 2p peaks that reflect weakened Zr-O bonding at the GB. e, Schematic of the
orbital ordering-modulated GB stabilization mechanism. The Zr-O bonds are
weakened by alternating Mn e,/t,, orbitals viareduced orbital electron overlap,
which softens the TO phonon mode and stabilizes the ferroelectric phase.T and S
represent key momentum space positions for characterizing the softening of TO
phonon modesin the fluorite ferroelectric lattice.

Mn,-t,,orbital orderingin the La(Sr)-Mn-0O segregated GB structure.
Moreover, Mn, e,-0 2p bonding is stronger than Mn, t,,-O 2p, as
indicated by moreintense and broader hybridization peaks between
Mn, e,and O 2p orbitals in the PDOS (Fig. 4c), indicating higher orbital
overlap efficiency®**. Consequently, Zr 4d-0O 2p orbital overlap is
systematically weakened near the GB, with Zr,-O bonds exhibiting
weaker strength than Zr,-O bonds (Fig. 4d). Thus, the Mn;-e, and

Mn,-t,, orbital ordering at the GB periodically modulates Zr-O bond-
ing with periodic weakened interactions, which is crucial for the
stabilization of the O phase®*’. This modulated bonding alters the
phonon dispersion by softening the transverse optical (TO) phonon
mode, which matches the lattice periodicity of the O phase®®, inturn
stabilizing the metastable phase with alternating polar and non-polar
sublayers (Fig. 4e).
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Discussions

To verify the GB structure, we designed eight La, ,Sr,MnO3 GB struc-
tural units by substituting Zr atoms with La/Srions and introducing
interstitial Mnatoms (Supplementary Figs. 4 and 5), and we calculated
therelative energy with respect to the pure ZrO, GB and plotted the
energy difference between the O and M phases (Supplementary Fig. 6).
Notably, the LSMO unit exhibits the lowest energy in the O phase
and greater stability than its M-phase counterpart. The LSMO dop-
ing ratio also ensures periodic GB ordering and Mn*'/Mn*" valence
alternation, with resulting orbital ordering that is crucial for phase
stabilization, as verified in our experiments. In addition, in situiDPC
imaging confirms that La(Sr)-Mn-0 segregated GB configurations
ensure phase stability. ZrO, nanocrystals with chemically ordered
GBs undergo approximately 800 cycles of T-O phase transitions
within 8 min under electron irradiation, without degrading into the
non-polar M phase (Supplementary Fig. 7). However, switching the
buffer layer from LSMO to LMO/SMO reduces GB order and decreases
the O-phase fraction, as shownin Supplementary Fig. 8. This directly
demonstrates that GB energy dominates the total system energy,
and our quantitative estimates further confirm thatitaccounts fora
large proportion of the overall energy (Supplementary Note 1). This
result complements previous studies on LSMO’s role of stabilizing
the O phase, including interfacial/mechanical reconstruction®°?,
domain matching epitaxy*® and hole doping*’, by highlighting a
previously overlooked factor, namely the critical contribution of
high-density GBs in nanocrystals. Notably, the effectiveness of this
GB-mediated stabilization mechanism is thickness dependent, gov-
erned by surface-GB energy competition, establishing 20 nm as the
upper thickness limit for effective GB-stabilized ferroelectricity
(Supplementary Fig. 9).

Moreover, since the discovery of ferroelectricity in Si-doped HfO,
thin films, dopants have been intensely studied for stabilizing ferro-
electric phases, typically viaintroducing oxygen vacancies to maintain
charge neutrality and facilitate non-polar-to-polar transitions®* ¢,
However, these studies focused primarily on dopant types and con-
centrations, overlooking atomic-scale distribution of dopants within
nanocrystals, particularly at GBs. This oversight is critical, asimpurity/
dopant segregation to GBs is a prevalent phenomenon in polycrys-
talline materials. Meanwhile, fluorite oxides consist of nanograins,
where high-density GBs exert amore substantial influence on surface
energy thanthosein micrometre-sized grains at thickness below 10 nm.
Notably, within this effective thickness range, these dopants, when
segregated at GBs with ordered site occupancy as observed in our
work, can modify local orbital interactions in a way that stabilizes the
metastable ferroelectric phase.

In conclusion, our atomic-scale investigations reveal that chemi-
cally ordered GB configurations effectively stabilize the metastable
ferroelectric phase in ZrO, thin films via elemental segregation
from the buffer layers. The e,~t,, orbital ordering of the Mn*/Mn**
along the GB induces alternating interactions with oxygenions and
periodically reduced Zr-0O bonding strength, which softens the TO
phonon and thus stabilizes the ferroelectric phase. These findings
demonstrate the critical role of GBs in stabilizing ferroelectricity
and establish anew paradigm for phase control through GB segrega-
tion engineering. This discovery solves along-standing mechanism
puzzle, provides a new dimension to nanoscale phase diagrams and
opens new avenues for designing nanoscale metastable materials
via GB chemistry.
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Methods

Free-standing thin film preparation process
Five-nanometre-thick ZrO, thin films, supported by a 30-nm LSMO
buffer layer, were epitaxially grown on SrTiO; (001) substrates using
PLD. A XeCl excimer laser, operating at awavelength of 308 nmwitha
4.0 mm2 beam spot, was used for the deposition process. The LSMO
layer was deposited under a dynamic oxygen pressure of 25 Pa, while
the ZrO, layer was deposited at areduced pressure of 13 Pa. Both layers
weregrownatatemperature of 780 °C, with alaser fluence of1.25) cm™
and a repetition rate set to 2 Hz. After deposition, the heterostruc-
tures were subjected to anin situannealing treatment at 650 °Cunder
an oxygen pressure of 10 kPa for a duration of 10 min. Subsequent
cooling to room temperature was performed at a controlled rate of
10 °C min™. The resulting O-phase ZrO, thin films are kinetically sta-
bilized through the interplay of surface and GB energies. The films
are non-monocrystalline but epitaxial with polymorphic crystalline
variants due to different in-plane matching possibilities®*5. After
growth, the sample was treated with a solution composed of 8 mg
potassiumiodide (KI),10 ml hydrochloricacid (HCI) and 100 ml water
(H,0) for approximately 12 h to selectively etch the LSMO buffer layer.
The resulting unclamped ZrO, thin film was then carefully detached
fromthe substrate byimmersingitin deionized water and subsequently
retrieved using a transmission electron microscopy copper grid. This
sample preparation process minimized the thickness of ZrO, thin films,
thereby enhancing iDPC-STEM imaging contrast*,

Electron microscopy characterization
TheiDPC-STEMimageswererecorded at 300 kV using an aberration-
corrected (S)TEM (FEI Titan Cubed Themis G2300). To obtain a suf-
ficient signal-to-noise ratio for quantitative analysis, the iDPC image
was acquired at 2,048 x 2,048 pixels, with a dwell time of 500 ns
and a beam current of 20 pA to avoid beam damage. STEM-EELS
spectrawererecorded at 200 kV. The probe convergence semi-angle
was 20.4 mrad, and the collection semi-angle was in the range of
~50 mrad. We acquired a single 178 pixel x 30 pixel EELS map from
a7.82nm x 1.32 nm region containing the GB with the Gatan GIF
1069. The dwell time was 0.005 s, and the dispersion was 0.18 eV per
channel. The EELS background was fitted and subtracted using the
power law.

4D-STEM experiments were performed using a Cs-corrected STEM
(JEOLNEOARM200) withanaccelerating voltage of 200 kV. The conver-
gence semi-angle was 23 mrad, and the beam current was 20 pA. Each
4D-STEM dataset contained 1,024 x 1,024 convergent beam electron
diffraction patterns with a dwell time of 250 ps per pattern. Nuclear
charges were assigned as delta functions at each atomic site (47.5
e for La/Sr,25e™ for Mn and 8 e~ for O) and then convolved with the
profile of a200-kV, 23-mrad probe, which incorporates empirically
derived aberrations and a 0.5-A full width at half maximum Gaussian
(to approximate source size), to obtain the nuclear charge density
along the GB. The experimental electron charge density profile was
subsequently derived by subtracting the nuclear charge density from
the total charge density.

Lattice distortion and strain analysis

To obtain quantitative information on the lattice distortion and
strain, the positions of the cation atoms were precisely determined
by CalAtom software through multiple-ellipse fitting®. After that, the
areaofeach quadrilateral, constituted by the four nearest cation atoms,
was measured by Image] software. The reference value was determined
by taking the average of the quadrilaterals within the bulk regions of
Zr0,, which are distant from the GBs. The lattice distortion for each
quadrilateral was calculated using

lattice distortion =

$-S,
100%,
5 x 100%

where S, corresponds to the individual quadrilateral. Subsequently,
each quadrilateral represents the reference area, and Sis the area of
the element, which was assigned a corresponding colour to visually
map thelattice distortion, as depicted in Fig. 3d.

The magnitude of lattice strain was defined as the relative devia-
tion of lattice parameters between the strained region and the
unstrained bulk reference state correspondingto the pristine O-phase
Zr0, lattice. To resolve strain anisotropy with respect to GB, we first
established alocal coordinate system with the GB mirror plane as the
reference: the x axis was set parallel to the GB mirror plane, and the y
axis was set perpendicular to the GB mirror plane. The strain compo-
nents ¢, (parallel to GB) and ¢, (perpendicular to GB) were
calculated using

ax

&= 1009
ap

& =

b, — by

& = x 100%,

0

where a, and b, denote direction-resolved statistically averaged
in-plane lattice parameters of unstrained bulk ZrO,, obtained via
CalAtom fitting of cation positions in bulk regions away from GBs; a,
and b, represent the actual in-plane lattice parameters of the target
region, including GB-adjacent and bulk areas. Specifically, a, is the
lattice parameter parallel to the GB mirror plane, and b, is the lattice
parameter perpendicular to the GB mirror plane.

Computational details

The DFT calculations were carried out using the projector augmented
wave potentials asimplemented in VASP*®*°, The exchange and correla-
tionterms were described by the generalized gradientapproximation’.
A plane-wave cut-off of 500 eV was taken for all calculations. The con-
vergence tolerance of atomic forces was 0.01 eV A, and that of total
energieswas107° eV. The k-point sampling number was set large enough
that the convergence of the total energies was within 2 meV per atom.
Brillouin zone integration was performed using Methfessel-Paxton
smearing. lonic relaxations were allowed in all calculations, with the
shape and volume kept fixed. The equilibrium structure for pure ZrO,
obtained within the convergence criteria is consistent with previous
DFT generalized gradient approximation calculations and has been
usedto construct the supercells. The1 x 1 x 1Monkhorst-Pack k-point
meshwas usedinall calculations of GBs. All GB structures were created
using the CrystalMaker software.

Data availability

The datasupporting the findings of this study are available within the
article and its Supplementary Information. Source data are provided
with this paper.
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Extended Data Fig. 1| Macroscopic characteristics of ZrO2 thin films on
different buffer layers. (a-c) XRD patterns of ZrO, thin films on LSMO (a), LMO
(b) and SMO (c) buffer layers, respectively. Black triangles denote the O-phase
(111) plane and black diamonds denote the M-phase (002)/(020) plane.

(d-f) Polarization-electric field (P-E) hysteresis loops of ZrO, thin films on LSMO
(d) with corresponding current-electric field (I-E) loops, LMO (e) and SMO

(f) buffer layers, respectively. For the film grown on LSMO, the positive-up-
negative-down (PUND) measurement mode was employed to exclude the leakage
current. In contrast, for the films grown on LMO or SMO buffer layers, only
simple hysteresis loops were measured due to their extremely weak ferroelectric
response. The results clearly demonstrate the crucial role of the LSMO buffer
layer in stabilizing the metastable ferroelectric O-phase.
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Extended Data Fig. 2| HAADF images of freestanding ZrO2 thin films at indicating the thin film regions. The red, blue, and green boxed areas are

different magnifications. (a) Low-magnification overview showing the magnified in (b-d), respectively, revealing ordered GBs and a predominant O
transferred freestanding films supported on a Cu grid, with bright contrast phaseinthe ZrO, thin films.
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Extended Data Fig. 3| Line profiles of Zr, La, Sr, and Mn signals obtained along the pink dotted line. The drop in Zr signal corresponds to the peaks of La, Sr, and
Mn at GBs. Scale bar: 5 nm.
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Extended Data Fig. 4 | EELS mappings and corresponding spectra of as-grown
Zr02 thin films on the La0.67Sr0.33MnO03 buffer layer before freestanding.
(a) EELS mappings: Yellow, red, cyan, blue, and green signals correspond to Zr, O,
La, Sr,and Mn elements, respectively. Scale bar: 5 nm. (b) EELS spectra: Acquired
from two boxed regions within the ZrO, thin films. The maps reveal that La, Sr,
and Mn from the La, ¢,Sr, 1;MnO; buffer layer migrate into the ZrO, lattice during

Energy (eV)

growth, forming a chemically coupled interface. Meanwhile, a distinct gradient
inLaand Mn content is present along GBs from the buffer layer to the film top
surface, originating from distance-limited diffusion dynamics during deposition.
While segregation intensity diminishes near the top surface, the relative
stoichiometry and Mn valence state remain nearly unchanged.
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Extended DataFig. 5| Schematic of transfer process of ZrO2 films. (a) The by dipping itin deionized water. (c) The released ZrO, filmis transferred and
structure of as-grown samples prepared by PLD. The spheres symbolize the mounted onto a Cu TEM grid for subsequent plan-view imaging and iDPC-STEM
embedded LSMO GB phase formed within the ZrO, thin films. (b) After PLD, the characterization. Given the presence of substantial LSMO GB phases in the pure

sacrificial La, ¢,Sr,,:3Mn0; layer is selectively dissolved in an etchant to release the freestanding ZrO, thin films, it can be inferred that these LSMO compounds
top ZrO, film. Then, the unclamped ZrO, film is gently removed from the substrate  originate exclusively from the buffer layer used during the initial PLD process.
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