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Synthesis and Electronic Structure of the Fractionally
Occupied Double Perovskite EuTa,O, with Ordered

Europium Vacancies

Tobias Schwaigert, Ali Barooni, Benjamin Gregory, Paul Malinowski, Anirudh Tenneti,
Sonia Hasko, Brenan Palazzolo, Jeffrey W Hodgson, Brendan Faeth,

Patrick M. Woodward, Kyle M. Shen, Andrej Singer, Maryam Ghazisaeidi,

Salva Salmani-Rezaie, Darrell G. Schlom, and Kaveh Ahadi*

2D electronic states underline a wide range of exotic phenomena and provide
potential for electronic devices. The ability to create and control these states
often requires physical thinning or highly perfect interfaces. In this work, the
“fractional double perovskite” ATa,O; (A: Eu®") is synthesized and
characterized, where alternating A-site cations and A-site vacancies
significantly impact the electronic structure, giving rise to a quasi-2D
electronic state within a 3D crystal framework. The intrinsic crystal anisotropy
of ATa, O plays a pivotal role, underscoring how targeted structural
modifications can facilitate the emergence of novel quantum states. Utilizing
single-crystal synthesis via molecular-beam epitaxy, the crystal and electronic
structures of ATa,O; are investigated. X-ray diffraction and electron
microscopy reveal the layered A-site ordering. Synchrotron-based diffraction
shows the presence of three epitaxial twin variants of ATa,O, domains, with

1. Introduction

Structures in which charge carriers flow
in two-dimensions are the basis of mod-
ern semiconductor technology!!?! and have
facilitated discovery of fundamental states,
including integer and fractional quan-
tum Halll>% and exotic superconducting
states.”®] Such structures are typically re-
alized at the interfaces of two dissimi-
lar materials or through physical dimen-
sional reduction. The realization of in-
terfacial 2D electronic states and quan-
tum confinement requires engineered band
alignment and sophisticated synthesis tech-
niques. The physical dimensional reduction

preferential orientation along out-of-plane direction. Angle-resolved
photoemission spectroscopy, along with density functional theory
calculations, provide direct insight into the electronic structure, unveiling the
potential for engineered confined states within bulk materials. These findings
highlight ATa, O as a platform for studying 2D-like electronic phenomena in a

3D context, paving the way for novel device architectures.

approach is limited to materials systems
where out-of-plane bonding is weak, i.e.,
van der Waals materials. Realization of in-
trinsic 2D electronic states and transport in
3D crystals are highly desirable.

Transition metal complex oxides exhibit
a wide variety of orders and instabilities
that are highly tunable.®'* 2D electron
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systems in oxides, commonly realized at the interface of
two insulating oxide layers, could exhibit entirely new prop-
erties and phenomena.'>1l For example, exotic emergent
phenomena and functional properties, including tunable
superconductivity,”8  fractional quantum hall,**] emer-
gent magnetism,[22!]  metal-to-insulator transition,[??] effi-
cient spin-to-charge interconversion,>?* and tunable Rashba
splitting!®! and Berry curvatures(2®2?’] have been reported at these
interfaces.

Oxide materials allow for control and high degrees of tunability
of electronic structure with crystal symmetry and ordering. Here,
we realize and control 2D electronic states by crystal anisotropy
rather than conventional interfacial engineering or physical di-
mensional reduction. By distorting the bonding network within
the well-known perovskite structure, it is possible to create quasi-
2D electronic states, in which the electronic wave function is in-
trinsically confined within the distinct layers stacked along the
crystalline c-axis. In the perovskite-derived EuTa, Oy, structural
anisotropy due to A-site ordering is predicted to create a 2D elec-
tronic state that hosts topologically non-trivial spin textures.[??]
This makes EuTa,O, an ideal candidate for intrinsic confine-
ment of charge carriers, offering a novel platform where quan-
tum transport properties can be manipulated through struc-
tural design rather than traditional interface engineering or
exfoliation.

The physical properties and emergent phenomena in transi-
tion metal oxides are highly tunable with lattice distortions as
the crystal structure deviates from the perovskite aristotype.[2%3l
Here, we focus on cation substitution and ordering of vacancies.
While the B-site ordering, including vacancy ordering®!l and its
effect on physical properties have been extensively studied in
perovskites, 3234 A-site ordering and its effect on physical prop-
erties have only been explored recently.3°! A-site layered order-
ing could be an efficient tuning knob in complex oxides. For ex-
ample, the A-site ordered double perovskites BaSmMn,O, and
BaLaMn, O, exhibit significantly different spatial arrangements
of charge and orbital ordering of the Mn** and Mn*" ions as well
as charge-ordering phase transition temperatures (Ty), com-
pared to their disordered counterparts (Ba,,RE,; ;MnO;).’%%]
In contrast to conventional (double) perovskites, fractional per-
ovskites exhibit non-standard A-site stoichiometries due to the
substitution of the monovalent A-site cation in A*B>*0,%~ with
divalent (e.g., Eu’* or Sr’*) or trivalent (e.g., Sm** or Gd**)
cations. To preserve charge neutrality, half (A%*) or two-thirds
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(A3*) of the A-site positions must remain vacant. The A-site
cations and vacancies can adopt layered ordering. In analogy
to conventional perovskites—where cation ordering results in a
doubled formula unit—these phases may appropriately be re-
ferred to as fractional double perovskites, reflecting both their frac-
tional A-site occupancy and structural ordering.

In addition to chemical control, epitaxial strain serves as a pow-
erful tuning parameter that can significantly alter lattice sym-
metry, affect phase stability, and reshape the energy landscape—
thereby influencing ordering tendencies within these systems.
Notably, strain has been shown to induce ferroelectric behav-
ior and modify octahedral rotation patterns in perovskite sys-
tems, demonstrating its effectiveness in controlling symmetry
and functional properties.?**°l Strain-driven modifications to
the energy landscape may further influence ordering behavior,
including the possibility of relaxation via in-plane ordering or lo-
cal disorder. Prior studies have demonstrated that intentionally
mismatched substrates can be used not only to affect the orien-
tation of the epitaxial domains, but also to direct the ordering of
oxygen vacancies in ways to reduce strain.[*14?]

In this work, we synthesize partially ordered ATa,O, by
molecular-beam epitaxy (MBE), in which layered ordering of A-
cations and A-site vacancies modifies the electronic landscape,
favoring 2D electronic states. While this manuscript focuses on
A: Eu?*, other fractional double perovskites, such as A: Sr?*
may also be realized. Preliminary growth and characterization
of A: Sr** is included in the Supporting Information. Here, we
achieve ATa, O, epitaxial films, consisting of layered ordering of
A-cations and A-site vacancies along the c-axis. This ordering re-
sults in a 2D electronic structure, consistent with density func-
tional theory (DFT) predictions and angle-resolved photoemis-
sion spectroscopy (ARPES) observations.

2. Results and Discussion

2.1. Structural Investigation by X-Ray Diffraction

In EuTa, O, half of the A-site cations are vacant compared to a
conventional double-perovskite structure, AA’B,0O,. Two ideal-
ized ways in which the missing europium could be accommo-
dated are shown in Figure 1a,b. In Figure 1a the AO layers of the
double perovskite structure alternate with full and empty EuO
layers along the crystallographic c-axis. In Figure 1b the Eu-sites
are randomly filled with 50% occupancy. In the former case, the
unit cell of the EuTa,O, crystal structure is composed of one
EuTa,O4 formula unit along the crystallographic c-axis, alternat-
ing between an unoccupied A-site and a fully occupied A-site. The
lattice parameters for such a hypothetical ordered compound, cal-
culated using first principles, are a = b = 3.926 A and ¢ = 7.929
A, which are larger than those measured experimentally on sam-
ples prepared by conventional solid-state synthesis.[*}l If Eu®* is
formed, a partially occupied A-site layer is required in place of the
fully occupied A-site to satisfy charge neutrality. While RTa;O,
(R** = rare earth, including Eu) has been synthesized by solid-
state reaction methods,!***! little is known about the Eu?* equiv-
alent EuTa,O,. Nagata, Morita, and Ebisul* investigated mag-
netic properties for various R** (R = rare earth) in a 12-fold cu-
bic coordination environment. They, however, did not investigate
the ordering in various RTa;0, compounds. Wallwork et al.[*!
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Figure 1. a,b) A-site cation ordering schemes in fractional double perovskites AB,Og. lllustrations were prepared with VESTA.[2%] Orbital-projected band
structure of ) ordered EuTa,Og and d) randomly occupied Eug 5 TaO5 calculated by DFT. e) Calculated spatial charge distribution of EuTa,Og for Fermi

level set to 0.1 eV above the conduction band minimum.

investigated octahedral tilting patterns that emerge while varying
the R** cations, referring to their compounds as R, ;TaO; rather
than RTa;0,, without quantifying ordering. For A-site ordered
double perovskites, the preferred hettotype is a layered plane
type. This is stabilized by A-site vacancies coupled with second-
order Jahn-Teller distortions (SOJT) of the B-site cations and the
presence of highly charged d° cations.[*! DFT calculations give
insight into the magnitude of SOJT distortions. Here, the apical
Ta—0,,, (A) bond length toward the vacant layer has shortened to
1.906 A, while the Ta—O,, (A) bond length toward the EuO layer

has elongated to 2.054 A from the symmetrical apical bond dis-
tance of 1.980 A. Figure 1b shows the crystal structure where the
A-site cation and the vacancies are randomly distributed, result-
ing in a net occupancy of 0.5 in the A-site layers. EuTa, O, could
also form within the limits depicted in Figure 1 (i.e., partially
ordered).

Figure 1c depicts the calculated band structure of EuTa,O.
The tantalum SOJT distortion breaks the degeneracy of Ta t,,-
derived conduction band and pushes the d,, down in energy. The
d,, orbitals have suppressed out-of-plane hopping and, as a re-
sult, the conduction band edge exhibits dispersive behavior along
the '-X and I'->M directions while appearing flat along I'—>Z.
The Fermi surface near the conduction band edge exhibits a tube-
like structure in ordered EuTa,O4 due to Ta’* d,,, orbital character
(Figure S1, Supporting Information). Figure 1e exhibits the spa-
tial distribution of charge density with the Fermi level set to 0.1
eV just above the minimum energy of the lowest energy conduc-
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tion band. Figure 1d highlights the impact of A-site ordering on
the electronic structure. The magnitude of SOJT is governed by
the degree of ordering. Randomly distributed Eu?* impacts the
Ta—O bond length symmetrically. As a result, the Ta t,,-derived
conduction band is dispersive along '-X, '->M, and I'=Z, sug-
gesting a 3D charge distribution. The quasi-2D nature of EuTa, O,
is reduced as the charge transfer between Eu?* and O~ becomes
increasingly degenerate due to the gradual loss of SOJT, which is
caused by the random distribution of europium atoms.

In conventional layered oxides such as high-Tc cuprates and
Ruddlesden—Popper (RP) phases, 2D electron confinement is
primarily governed by the CuO, planes, where the electronic
structure is dominated by strongly hybridized Cu 3d,._, and
O 2p orbitals.l*! These active planes are separated by charge
reservoir layers, which act as electronic barriers and enhance
the 2D confinement by minimizing interlayer coupling. In con-
trast, StRu, O, —a prototypical RP ruthenate—exhibits a distinct
electronic configuration governed by the Ru 4d t,, manifold, in-
cluding d,, d,,, and d,, orbitals.[*’] Here, due to the more spa-
tially extended nature of 4d orbitals, compared to 3d orbitals,
the degree of electron correlation and confinement is inherently
weaker, leading to more 3D electronic behavior in some orbitals
despite structural layering. Resistivity versus temperature reveals
a changing ratio with a maximum of 200 between the a-b-plane
and c-plane ~130 K.[8]

Remarkably, in the 5d system EuTa, O, the degree of 2D con-
finement can be manipulated through vacancy ordering without

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. X-ray diffraction of a 16.3 nm thick film of EuTa,Og grown on (001) Nb:SrTiOj3: a) Proposed epitaxial orientation of EuTa,Og on SrTiO3 (001)
illustrated with VESTA.[2%1 b) Symmetrical §-20 scan showing only 00 peaks of EuTa,Og. Laue oscillations indicate a well-defined film thickness, caused
by an abrupt interface between film and substrate. c) ¢-scans around the 103-type substrate and 106-type film reflections. d) Overlaid rocking curves of
001 SrTiO3 and 002 EuTa,Og reflections, showing comparable FWHMs, indicating low out-of-plane mosaicity (Aw ~ 0.013°). e) Overlaid rocking curves
of 101 SrTiO3 and 102 EuTa, Og reflections, showing comparable FWHMs (Aw = 0.013°), indicating that the in-plane mosaicity is also low. f) Reciprocal
space map (RSM) around the 103 substrate and 106 film reflection. The RSM results confirm that the film is commensurately strained to the substrate.

significantly altering the composition or lattice constants. The 5d
orbitals of tantalum are even more delocalized than 44, leading to
reduced electronic correlations. The intentional breaking of the
t,, degeneracy via ordered vacancies offers a unique avenue to
tune orbital anisotropy and modulate the dimensionality of elec-
tronic transport. This tunability enables exploration of confine-
ment regimes analogous to those found in conventional cuprates,
but within a chemically and structurally stable framework.

Since the proposed EuTa, O, out-of-plane lattice constant is ¢/2
=3.964 A > a=b=3.925 A; SrTiO, (a = 3.905 A) was selected as
the substrate for thin film growth. EuTa, O, on SrTiO; exhibits a
lattice mismatch of —0.5% in the out-of-plane orientation, where
the c-axis of EuTa, O is perpendicular to the substrate surface. In
contrast, if EuTa, O, is grown with the c-axis lying in-plane —i.e.,
parallel to the substrate surface, along either the a- or b-axis of
the SrTiO, substrate — the mismatch increases to —1.5%.

Intentionally mismatched substrates have been shown to
promote the orientated incorporation of planes of oxygen
vacancies.[*1*2] Competition between different epitaxial orienta-
tions of the EuTa,O, could lead to additional relaxation mech-
anisms. To promote the epitaxial growth of EuTa,O, with lay-
ered ordering of Eu** and vacancies along out-of-plane direction
(c-axis oriented EuTa,O;), a substrate imparting a low compres-
sive strain is helpful, as higher strain levels may lead to other
polymorphs.[*]

Figure 2a illustrates the potential epitaxial orientations of
EuTa, O, unit cells on the substrate surface. Three twin variants
are possible with good lattice match: the c-axis of EuTa,O, could
lie along one of the <100> in-plane directions of the SrTiO,
(001) substrate or along the out-of-plane [001] direction. Stabiliz-
ing a particular Eu/vacancy arrangement depends on synthesis
conditions, e.g., temperature, pressure, and stoichiometry. The

Adv. Funct. Mater. 2025, e13656 e13656 (4 of 10)

impact of the growth conditions on the layered ordering of eu-
ropium/vacancy planes have been explored. An extended descrip-
tion can be found in Section S2 and Figures S2-S6 (Support-
ing Information). The most critical ordering tuning knob is the
holding time at the end of each layer. Increasing this time en-
hances the degree of ordering while maintaining the stoichiom-
etry. Figure 2b exhibits the symmetrical -26 scan for a 16.3 nm
thick film of EuTa, O, grown on Nb:SrTiO; (001) under growth
conditions that are optimized for out-of-plane layered ordering.
The film thickness is calculated using the Laue fringes and
corroborated with x-ray reflectivity and cross-sectional HAADF-
STEM. The Bragg reflections hk¢ in the 6-20 scan (Figure 2b—f)
are indexed based on ordered doubled unit cell with ~8 A length
along the c-axis. The 0-20 scan shows only 00¢ reflections, con-
firming that the film is single phase and oriented with its c-
axis perpendicular on the plane of the substrate. No secondary
phases or additional epitaxial orientations are detected in asym-
metric ¢-scans of the {103} family of planes of the SrTiO; sub-
strate and the {106} family of planes of the EuTa,O, thin film
(Figure 2c). The rotational symmetry of the film and substrate
are identical, indicating the absence of twins that are rotated in-
plane. The rocking curve full width at half maximum (FWHM) of
the EuTa, O, film is comparable to the SrTiO, substrate (both ~47
arc sec, respectively) for the 001 SrTiO; and 002 EuTa,O, peak,
and 50 arc sec for the 103 SrTiO, substrate and 47 arc sec for the
106 EuTa,O, film peak. X-ray reciprocal space mapping (RSM)
around the SrTiO; 103 and EuTa,O, 106 reflections confirm
that the film is coherently strained to the substrate (Figure 2f).
These XRD scans indicate that there are negligible domains with
their crystallographic c-axis oriented parallel to the substrate.
Reflection high-energy electron diffraction (RHEED) indicates
the presence of surface reconstructions on EuTa,O, (Figure S7,
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2.2 Quantifying order/disorder relationships
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Figure 3. Hard x-ray reciprocal space mapping of a 16.3 nm thick film of EuTa,Og on (001) Nb:SrTiO5: a) map of reciprocal space at 300 K, at K= 2 in
the (2 X 2 X 2) unit cell notation. b) Line profile along the H2L (H=1-6) directions. c) Line profile along the H2L (L=1-4) directions.

Supporting Information). Atomic force microscopy (AFM) im-
ages at different magnifications are shown in Figure S8 (Support-
ing Information). Atomic steps from the <0.05° substrate off-cut
angle are visible. The root-mean-square (rms) roughness for the
EuTa, O, on SrTiO; is ~ 1 nm, measured by taking a 10 um? area
as a reference.

The out-of-plane lattice spacing of this commensurately
strained film on SrTiO, is 7.957 + 0.01 A. First-principles cal-
culations predict this length to be 7.960 A for films coherently
strained to SrTiO;. The even-even-odd hkZ reflections 001 and
003 are indicative of the ordering of occupied and unoccupied A-
site layers (these correspond to half-integer peaks of the pseudo
cubic perovskite unit cell, Eu, s TaO,), while the 002, 004, and 006
peaks represent fundamental perovskite reflections.

2.2. Quantifying Order/Disorder Relationships

We note that, in addition to the domains with c-axis oriented
along the out-of-plane, other types of structural ordering—such
as columnar and rock-salt ordering—as well as distortions like
octahedral tilting and twisting remain conceivable. For the close
structural relative Sr,;TaO;, octahedral tilting has been previ-
ously reported.”®) In our case, weak reflections that can be at-
tributed to octahedral tilting were also observed in RSM sections.
The presence of domains and the coexistence of ordered and dis-
ordered regions, however, complicate unambiguous structural
assignment (Figures S10-S12, Supporting Information). Table
S1 (Supporting Information) summarizes the potential space
groups compatible with the parent crystal structure of EuTa,Oq.
The analysis was carried out using ISODISPLACE package.5!]
Figure 3a shows an RSM section of the same 16.3 nm EuTa, O,
film on Nb:SrTiO;. Out-of-plane even-even-odd reflections can be
readily observed, while reflections that indicate in-plane order-
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ing are faint in the extracted line profiles (Figure 3b,c). The ratio
between out-of-plane and in-plane domains can be estimated by
comparing the relative intensity of the 124 and 421 peaks. Mea-
sured ratio of #10, suggests that out-of-plane domains are favor-
able by at least an order of magnitude. The large-scale absence of
other competing orders can be explained by simple crystal chem-
istry arguments. Difference in charge and ionic size are gener-
ally accepted as factors that stabilize order.[*>>?] The layered or-
dering results in three different bonding environments, namely
the apical oxygen in the europium layer (i), equatorial oxygen
in the tantalum layer (ii) and apical oxygen in the europium va-
cant layer (iii). This leads to three distinct charged layers: (EuO)°,
(Ta0,)'*, and Eu-Vacancy (0)2~. The interface charges and subse-
quent polar catastrophe caused by the out-of-plane ordering can
be mitigated by intermixing which has been observed in simi-
lar systems.[>>>*! In contrast, when the EuTa,O, c-axis is grown
with the c-axis lying in-plane — i.e., parallel to the substrate sur-
face, the three distinct charged layers interface the neutral SrO or
TiO, layers, giving rise to various polar catastrophes, which are
energetically unfavorable.

We estimated the total out-of-plane ordering by comparing
the relative intensities of the even-even-odd 00¢ and even-even-
even 007 diffraction peaks. Structure factor calculations were
performed using the dedicated software package (Peak-Ordering
Measurement for Multi-Element Systems (POMMES), available
on-linel>). To validate our model, we employed RIETAN-FP,[>°]
accessed through VESTA,[7) as described in the supporting Infor-
mation. Figure S12 (Supporting Information) demonstrates the
capability of POMMES to assess diffraction intensities via struc-
ture factor calculations, while varying the A-site order in com-
parison to existing packages like VESTA and RIETAN-FP. Figure
S13 (Supporting Information) highlights the effect of europium
occupancy on the theoretical intensity ratios between different
diffraction peaks. Conceptually, the intensity of even-even-odd
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Figure 4. a) Cross-sectional HAADF-STEM images of the same 16.3 nm
thick film of EuTa,O¢ grown on SrTiO; (001) analyzed in Figure 2. b)
Higher magnification HAADF-STEM image of the EuTa,O4/SrTiO; inter-
face showing the partially intermixed bilayer. c) Line scan profile along eu-
ropium and tantalum positions extracted from the marked areas of the
HAADF-STEM images (b).

reflections vanishes as the fully disordered structure, Eu,sTaO;,
is approached. In contrast, the maximum intensity is reached
when the fully ordered structure is achieved. Here, the order-
ing parameter ¢ = (N; — N)/N,, is defined as the difference
of N (number of A-site cations in the nominally filled layer) and
N (number of A-site cations in the nominally empty layer), di-
vided by the total number of A-site cations N,. We assume that
the total number of A-site cations equals the number of A-site
cations in a stoichiometric fractional double perovskite, AB,O;.
The Eu occupancy varies from 1 to 0.5 in nominally filled layer
while calculating the intensity ratios between even 00¢ and odd
00¢ peaks, and was compared to the measured intensity ratios
of our grown samples. The ratios are computed between all ac-
cessible combinations of fundamental peaks (002, 004, and 006)
and ordering peaks (001 and 003). The ordering peak 005 was cal-
culated to have a much smaller intensity and is not experimen-
tally observed. ¢ is estimated to be 0.32 + 0.07, implying that the
Eu-site occupancy alternates between 64% + 7% in the nominal
EuO layer and 36% + 7% for the nominal vacant plane sample
shown throughout Figures 2-5. Those values are slightly lower
compared to HAADF-STEM quantitative analysis, which acts as
alocal probe, whereas the X-ray diffraction-based analysis can be
seen as a global probe.

2.3. Structural Investigation by HAADF-STEM

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was employed to investigate the
atomic-scale structure of the EuTa,O, thin films. Figure 4a
presents a cross-sectional HAADF-STEM image along the
SrTiO, [100] zone axis, clearly illustrating a coherent and epitax-

Adv. Funct. Mater. 2025, e13656 e13656 (6 of 10)

www.afm-journal.de

ial interface between the EuTa, O, film and the SrTiO, substrate.
EuTa, O, exhibits an intrinsic polar stacking along its c-axis di-
rection. At the interface with SrTiO;, approximately two atomic
layers show intermixed metal ions, which likely mitigate the elec-
trostatic instability (polar discontinuity) inherent to the interface,
thereby stabilizing epitaxial growth. The film surface is smooth
and well-defined without notable interfacial roughness. A peri-
odic variation in europium column intensity is clearly observed in
the intensity line scan profile (Figure 4c). Specifically, europium
column intensities (blue curve in Figure 4c) alternate periodically
between high and low values, indicating layers with greater and
lesser europium occupancies, respectively. In contrast, tantalum
columns (red curve in Figure 4c) exhibit relatively constant in-
tensity. Quantitative analysis indicates a europium occupancy of
~66% + 12% in nominally occupied layers and ~34% + 12% in
nominally vacant layers (Figure S14, Supporting Information).

Some localized regions exhibit twin formation with the c-
axis along an in-plane direction, while other regions exhibit re-
duced ordering, attributable primarily to random europium oc-
cupancy variations rather than alternative structural configura-
tions. Electron diffraction patterns (Figure S15, Supporting Infor-
mation) confirm this interpretation, as superlattice reflections as-
sociated with out-of-plane ordering vanish in regions of reduced
europium ordering without the appearance of in-plane ordering
reflections.

2.4. Electronic Structure by ARPES

Figure 5 shows the electronic structure of EuTa,O, measured by
ARPES and core-level XPS spectroscopy. Following growth, the
sample was transferred under ultra-high vacuum from the MBE
into the ARPES chamber. While previous theoretical work has
shown that both EuTa;0, and EuTa, O, feature a band structure
with characteristically similar features,!?! we focus on EuTa, O
with europium in the 2+ oxidation state, as this compound has
not been stabilized previously.

Core level peaks of europium 3d and tantalum 4f of the same
16.3 nm thick film (as characterized in Figures 2—4) are shown in
Figure 5a. The Eu** 3d;, and Eu** 3d,, spin-orbit components
are the main features observed, in agreement with europium in
the 2+ oxidation state.l’®>"] Two additional peaks with lower in-
tensity at 1134 and 1163 eV, are attributed to satellite peaks or
weak contributions from Eu**."”l The Ta’* 4f;, and Ta>* 4f; ,
peaks are at 26.25 and 28.00 eV, respectively, and are attributed
to a chemical shift caused by changes to oxygen to tantalum
ratios.[60.61]

Figure 5c exhibits the band structure density of states calcu-
lated by DFT. Further details of the electronic band structure are
revealed by VUV photoemission measurements (Figure 5d—g).
For the measurements, we assume an in-plane Brillouin zone
boundary matching that of the underlying Nb:SrTiO; substrate
(black outline, Figure 5e,f). In qualitative agreement with expec-
tations from previous DFT calculations,?®] the measured valence
band structure consists of a detailed O 2p manifold between 4 and
9 eV in binding energy, and fainter, nearly dispersion-free Eu 4f
bands at lower binding energies within the bandgap. All spec-
tral weight vanishes near the Fermi level (Figure 5b, inset), indi-
cating that the conduction band minimum is sufficiently above
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Figure 5. a) High-resolution XPS spectrum of the Eu 3d and Ta 4f regions, respectively, for a 16.3 nm thick film of EuTa,Og grown on Nb:SrTiO;.
b) Angle-integrated UV valence-band spectra showing O 2p and Eu 4f states. c) First-principles calculations of the density of states (DOS) of EuTa,Og. d
In situ angle-resolved valence band structure, measured with an incident photon energy of 21.2 eV. e—g) Selected iso-energy momentum-maps throughout
the dispersive O 2p manifold, integrated over + 20 meV of the listed binding energy. Black lines indicate the nominal Brillouin zone boundary for the
underlying SrTiO; substrate. All measurements were performed in situ without exposure to atmosphere and with the film held at room temperature.

the Fermi level to preclude the observation of Ta d orbitals. Here,
the charge carriers are due to oxygen vacancies. The formation of
Eu’*, however, could play a role in the creation of defect centers
that cause charge compensation. This was previously studied in
La, ;TiO, where charge neutrality reduces some of the Ti** ions
to Ti*+.[62]

As mentioned earlier, we also have synthesized ordered
SrTa, O films epitaxially. SrTa,O, films exhibit superior struc-
tural quality comparable with EuTa,O,, evident from XRD and
AFM experiments (Figures S16 and S17, Supporting Informa-
tion). Interestingly, line profiles extracted from AFM micro-
graphs reveal atomic step height, corresponding to the ordered
polymorph (d = 7.4 A). Single oxidation state of strontium (Sr**)
allows efficient electron doping of SrTa,O, with oxygen vacan-
cies, which enables clear illustration of the Ta d bands and cor-
responding Fermi surface using ARPES. Figure S18a—e (Sup-
porting Information) exhibits the dispersion of the conduction
band derived from d,, orbital at different photon energies rang-
ing from 16.85 to 26.9 eV. Figure S18g (Supporting Informa-
tion) compares the angle-integrated EDC’s between EuTa, O, and
SrTa,Oq. A clear shift in the O 2p states to higher binding en-
ergy in SrTa, O, compared to EuTa, O, coincides with the appear-
ance of spectral weight (the 2D Ta d bands) below the Fermi
level. Figure S19 (Supporting Information) exhibits the corre-
sponding Fermi surface using various photon energies, i.e., dif-
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ferent K, cuts of the Fermi surface, confirming that while the
conduction band is dispersive in-plane, it remains primarily non-
dispersive along the out-of-plane direction. The lack of out-of-
plane dispersion is consistent with DFT (Figure S1, Supporting
Information) and confirms the 2D character of the conduction
band. Furthermore, the circular Fermi surface in K;-K; projec-
tion is consistent with the predicted d, -derived conduction band
edge.

Next, we discuss the robustness of 2D electronic states in
partially ordered films. Figure S20 (Supporting Information) ex-
hibits the DFT calculation for ideal and partial ordering in A-site
cations. The layered partial ordering magnitude is chosen to be
similar to our optimized experimental values. Interestingly, the
conduction band edge along the I'-=Z remains non-dispersive
compared to '-X and I'->M in partially ordered films, which
suggests robustness of these 2D states against deviation from the
perfect layered ordering.

Finally, we address the magnetic interactions and 2D spin-
polarized states in EuTa,O,. The nature of magnetic inter-
actions between Eu 4f and the d orbital-derived conduction
states has been studied extensively in cubic perovskites such as
EuTiO,.[%3-%°] Recent theoretical predictions point to Ruderman-
Kittel-Kasuya-Yosida (RKKY) type interactions in EuTa,Oy.l*]
Comprehensive understanding of the magnetic interactions
and testing of the proposed mechanisms require careful
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magneto-transport experiments which will be the subject of the
future studies.

In summary, we report the growth of high-quality ATa, O (A:
Eu and Sr) thin films by MBE. X-ray diffraction reveals the pres-
ence of partially ordered ATa,O, films with the c-axis oriented
mainly along the out-of-plane. Cross-sectional HAADF-STEM
does not show any extended defects, while confirming presence
of layered europium vacancy ordering. In situ ARPES measure-
ments confirm the formation of quasi-2D conduction bands, in
agreement with the calculated band structures. Further experi-
mentations are needed to test the potential of EuTa, O, to realize
magnetically controllable spin-polarized 2D states. The synthe-
sis and characterization results point to novel materials by design
opportunities for electronic applications.

3. Experimental Section

Thin Film Synthesis and Characterization: Epitaxial thin films of
EuTa,O¢ were grown using a modified Vecco Gen 10 MBE system, where
the conventional SiC heater was replaced by 10 um CO,-laser from Epi-
ray GmbH (THERMALAS Substrate heater). A molecular beam of TaO,
(gas) flux was generated from an effusion cell containing Ta,Os (Alfa
Aesar, 99.993%) contained in an iridium crucible. TaO, is the most
volatile species in the effusion cell temperature range relevant to film
growth.[®6] Europium was evaporated from a conventional effusion cell.
Each metal/suboxide flux (1.5 x 10'3 atoms cm™2 s~') was measured
before growth using a quartz crystal microbalance (QCM) in addition to
deposition of the binary metal oxides Eu,O5 on YSZ (111), SrO on YSZ
(100), and TaO, on R-plane sapphire to confirm deposition rates by x-
ray reflectivity film thickness measurements and RHEED-oscillations for
SrO.[87] Nb:SrTiO; and SrTiO; (001) substrates were terminated follow-
ing the procedure developed by Koster.[68]

Films were grown by sequential deposition (using computer-controlled
MBE shutters) of a europium atomic monolayer followed by two atomic
layers of TaO, (i.e., -EuO-TaO,-TaO,- ...), at substrate temperatures of
750-1100 °C as measured by an optical pyrometer operating at a wave-
length of 7.5 um. No additional oxidant, other than that emitted by the
Ta, 05 suboxide source, was used. The films were grown at a background
pressure of 3 x 1078 Torr. After deposition of each EuO-TaO,-TaO, cycle
a holding time of 100 s at growth temperature was employed before the
next cycle.

X-ray diffraction (XRD), X-ray reflectometry (XRR), and RSM measure-
ments were carried out using a PANalytical Empyrean diffractometer with
Cu K,, radiation. The raw XRR spectra were analyzed using the PANalytical
X’ Pert Reflectivity software package, and the layer thickness was derived
from a fast Fourier transform (FFT) after manually defining the critical an-
gle to account for refractive effects. In situ reflection high-energy electron
diffraction (RHEED) patterns were recorded using KSA-400 software and
a Staib electron source operated at 14 kV and a filament current of 1.5 A.
The morphology of the film surface was characterized using an Asylum
Cypher ES environmental AFM.

Transmission Electron Microscopy: Cross-sectional samples for scan-
ning transmission electron microscopy (S/TEM) analysis were prepared
by employing a focused ion beam (FIB) lift-out technique using an FEI
Helios NanoLab 600 DualBeam instrument. Initial thinning of the sam-
ples was performed with a 5 kV Ga-ion beam, followed by a final gen-
tle polishing step at 2 kV to minimize surface damage. High-angle an-
nular dark-field (HAADF) STEM imaging was conducted using a Thermo
Fisher Scientific Themis-Z microscope operating at an accelerating volt-
age of 200 kV with a semi-convergence angle of 30 mrad. Images were
acquired using a HAADF detector with a collection angle range of 64—
200 mrad. To improve image quality and signal-to-noise ratio, high-
resolution HAADF-STEM images were obtained by averaging 20 rapidly
scanned frames (each 2048 x 2048 pixels, with 200 ns dwell time per

pixel).
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Angle-Resolved Photoemission Spectroscopy and X-Ray Photoelectron Spec-
troscopy:  In situ ARPES measurements were performed at room temper-
ature in an analysis chamber with base pressure better than 5 x 10~ Torr
using a Scienta Omicron DA30-L electron analyzer and a Fermion Instru-
ments BL1200s plasma discharge lamp generating Ne-I (16,85 eV), He-la
(21.2eV), He-18 (23.09 eV), or Ne-ll (26.9 eV) light. Ne-I and Ne-ll spectra
are processed with an algorithm described elsewhere to remove overlap-
ping doublet spectra.[®®] In situ X-ray photoelectron spectroscopy (XPS)
were performed in the same chamber using a non-monochromated Sci-
enta Omicron DSX400 x-ray source. Spectra were analyzed with an Omi-
cron Sphera Il analyzer after excitation.

Synchrotron Based Reciprocal Space Mapping: Reciprocal space map-
ping to characterize the structure of the EuTa,Og films was performed us-
ing hard x-ray diffraction at the QM2 beamline of the Cornell High Energy
Synchrotron Source (CHESS). Samples were mounted on a four-circle Hu-
ber diffractometer in reflection geometry with the sample normal oriented
along the ¢ axis. With goniometer tilts of omega = 3° and y = 90°, diffrac-
tion images were collected on a Pilatus 6M detector using 18 keV incident
X-rays while continuously rotating ¢ through 360° degrees in 0.1°degree
steps with a 0.1 s counting time per image. Polarization and Lorentz fac-
tor corrections were applied to the raw images which were transformed
into a 3D reciprocal space map. Line scans along the crystal truncation
rods (CTR) were extracted from the 3D reciprocal space maps. Gaps be-
tween detector panels result in small sections of missing data in the CTRs.
The sharp and relatively weak peaks are SrTiO; substrate diffraction peaks
from higher order x-ray harmonics unfiltered by the monochromator; they
should not be confused with EuTa,O¢ Bragg peaks. Miller indices H, K,
and L refer to the 2 x 2 X 2 pseudo cubic perovskite unit cell of Eug s TaOj3.

Density Functional Theory: Density functional theory (DFT) calcula-
tions were performed using the Vienna Ab initio Simulation Package
(VASP).[6970] The Projector Augmented Wave (PAW) method was em-
ployed, with the exchange-correlation functional treated through the meta-
generalized gradient approximation (MetaGGA) for structure relaxation,
utilizing the Regularized-Restored Strongly Constrained and Appropriately
Normed (r?SCAN) formulation.l”"l For the band structure calculations,
the generalized gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE) formulation!’? was applied. The kinetic cutoff energy was
set to be 450 eV. For structure optimization, the Brillouin zone was sam-
pled with an 8 x 8 x 6 k-mesh, while a 12 X 12 X 10 k-mesh was used for
self-consistent field calculations. To capture the strong correlation effects
of the localized Ta 5d and Eu 4f orbitals, the DFT + U approach developed
by Dudarev et al.[73l was utilized. This involved adding an onsite Hub-
bard U term and an exchange correction |, resulting in an effective value
of Ueg = U-) = 7 eV for tantalum and 5 eV for europium. Relativistic ef-
fects, including spin-orbit coupling, were fully incorporated. A2 x 2 x 1
supercell was constructed to simulate the disordered Eug s TaO; structure.
To model the random 50-50% europium occupancy, two europium atoms
were placed in the first layer, and the remaining two were placed in the
second layer. After optimizing the structure, the band structure was cal-
culated. The presence of europium atoms in the middle layer altered the
positions of the tantalum atoms, eliminating the distortions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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1. Fermi Surface calculation of EuTaz20s.

Figure S1: Calculated Fermi Surface of ordered EuTazbe for EF=0.1 eV, exhibiting 2D electronic states
due to Ta%* d, character.

2. Exploration of phase stability during Synthesis

Additional samples were grown to explore the stability window during thin film deposition. Multiple growth
parameters were systematically changed to optimize vacancy ordering. Figure S3 shows the impact of
holding after a cycle of Eu and Ta is deposited. With increased time, the intensity of ordering peaks
increases, indicating the formation of EuTa20s rather than the disordered Euo.sTaOs. While vacancy order
increases, Laue oscillations around film peaks persist, indicating a smooth interface between film and
substrate. Varrying the Eu shutter time impacts sample quality the least out of all the varied parameters.
With increased shutter time beyond on 1 monolayer of Eu, the onset of ordering can be observed (Fig. S3).
A maximum is observed at 1.06 M.L. Conversely, increasing the shutter time of Ta beyond 1 monolayer
initially increases the intensity of ordering peaks, however, the intensity of fundamental peaks decreases,
in addition to the vanishing of Laue oscillations, indicating that the film quality is decreasing (Fig. S4). Lastly
the temperature was varied in two regimes: |. stoichiometric conditions, Il. Optimized shutter times to
maximize ordering. Figure S5 shows the impact of temperature on stoichiometric samples. The optimal
temperature is 800 °C, where film quality is adequate, while ordering peaks are clearly visible. Increasing
the temperature to 850 °C causes the ordering peak to vanish, while shifting the fundamental peaks towards
smaller lattice constants. Figure S6 shows films grown under optimized growth conditions determined from
previous experiments (Fig S2-4). Here, ordering peaks are present throughout a larger range temperatures,
beyond the point of phase stability. At 1000°C and above Eu-oxide starts to segregate, with an intermediate
unknown phase at 31.12°, increasing the temperature further EuO 111 (29.77°)l"l dominates.
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Figure S2: Impact of holding time on EuTa20s thin film growth. All films are grown at a substrate temperature
of 800°C with Eu and Ta20s shutter times that correspond to a 1:1 stoichiometry ratio, while also maintaining
a monolayer-by-monolayer deposition time. The onset of ordering can be observed above 50 seconds of
holding time.
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Figure S3: Impact of Eu-Stoichiometry during deposition. All films are grown at a substrate temperature of
800°C, 100 second holding time after a cycle of Eu and Ta20s deposition. Ordering peaks (even-even-odd)
have the highest intensity for 1.06 M.L. of Eu.
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Figure S4: Impact of Ta20s-Stoichiometry during deposition. All films are grown at a substrate temperature

of 800°C, 100 second holding time after a cycle of Eu and Ta deposition. Eu deposition time was held
constant (1 M.L.).
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Figure S5: Impact of substrate temperature under stoichiometric conditions. All films are grown at with a
1:1 (Eu:Taz205) Stoichiometric ratio, 100 second holding time after a cycle of Eu and Ta deposition.
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Figure S6: Impact of substrate temperature during deposition. All films are deposited with an increased
Shutter time of Eu (1.06 M.L.) and Ta20s (1.20 M.L), 100 seconds holding time after a cycle of Eu and Ta.



3. Additional Sample characterization for EuTa20¢ on Nb:SrTiO3

Azimuth [10]

a- b-

Substrate Film

Figure S7: RHEED patterns of a bare SrTiOs substrate; b 16 nm thick EuTa20s film on Nb:SrTiO3 001.

Figure S8: Atomic force microscopy images of a 16.3 nm thick film of EuTa20s on SrTiOs at different
magnification, revealing atomic steps.
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Figure S10: Hard x-ray reciprocal space mapping (L = 1) for a 16 nm thick EuTaz20s film on Nb:SrTiO3
(001) slices at 300 K.
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Figure S11: Hard x-ray reciprocal space mapping (L = 2) for a 16 nm thick EuTaz0s film on Nb:SrTiO3
(001) slices at 300 K.
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Figure S12: Hard x-ray reciprocal space mapping (L = 3) for a 16 nm thick EuTa20e film on Nb:SrTiO3
(001) slices at 300 K.

Table S1: Symmetry analysis of octahedral tilting in a Perovskite with layered ordering of the A-site cations
like EuTa20s. The Unit cell of the parent structure isap,=3.9 Aand cp, = 7.9 A.

Tilt system | Space group Unit cell* Notes about symmetry mode

a%alc* P4/mbm \2apx\2apxc irrep = Ms*, direction = P1 (parent LaNbsOs)
a%alc" P4/nbm \2apx\2apxc irrep = M1, direction = P1 (parent LaNbsOs)
abc? Cmmm 2apx2ap*C irrep = Ms, direction = P3 (parent LaNb3QOo)
a—ac? Pmma \2apxcx\2ap irrep = Xo~, direction = P1 (parent BaPbQs)




3. Quantifying order through structure factor calculations

To quantify the order parameter of thin films of ETO, we doubled the unit cell of Euo.sTaOs and changed the
occupancy, x, of the europium atoms. This helped us simulate the behavior of the fractional double
perovskite, EuxTa2xOex, where 0.5 < x < 1.0. When x = 0.5, ETO is in its most disordered form: EuosTaOs.
The unit cell of this form of ETO is cubic. Conversely, when x = 1.0, ETO exists in its most ordered form:
EuTaz20e6. DFT was used to predict the structure of ETO, which was the basis for the theoretical XRD peak
intensity calculations done for a wide range of occupancy values. Intensity ratios obtained from
experimental data were compared to the theoretical intensity ratio curves to quantify the occupancy of
europium in ETO thin films.

The most ordered form of ETO, EuTaz0s, crystallizes as a tetragonal structure in the P4/mmm space group.
This crystal has been refined by structural relaxation in DFT calculations, resulting in lattice constants of a
=bh =3.9257 A, ¢ =7.9293 A. The following atomic position basis is based on the DFT calculations:

Eu1=10.0, 0.0, 0.0]
Eu2 =[0.0, 0.0, 0.50000]

Ta1 =1[0.50000,0.50000, z1s]
Ta2 =[0.50000, 0.50000, 1-zt]

01 = [0.50000, 1.0000, zo1]
02 = [0.50000, 0.0, 1- zo1]
03 = [0.0, 0.50000, zo3]
04 = [1.0000, 0.50000, 1- 03]

05 =[0.50000, 0.50000, 1.0000]
06 =[0.50000, 0.50000, 0.50000]

Three additional atomic positions — Ta2, 02, and 04 — were added to the Python code to account for the
stoichiometry of the unit cell. The Python code does not consider symmetry; therefore, the entire position
basis must be entered. Eu2 is present in the crystal only if the occupancy of Eu1 is less than 1.0. The
occupancies of Eu1 and Eu2 sum to 1.0.

The values of zm, Zo1, and zos are occupancy-dependent: as the occupancy x of the Eu1 layer increases in
the fractional perovskite EuxTa2xOex, the tantalum and oxygen atoms are displaced along the c-axis of the
doubled unit cell (Figure 1 a). The displacements allow for the atoms to occupy optimal positions for charge
transfer. In the most ordered state (x = 1.0), the z-positions are equal to those reported in the DFT
calculations. These calculations account for Ta%* polarization and the resultant Ta and O displacements:

Z1a = 0.25966
zo1 = 0.22992
zo3z = 0.22999

The ordered EuTa20e structure is distinct from the fully disordered Euo.sTaOs structure. The latter crystallizes
in the Pm3m space group with lattice constants of a = b = ¢ = 3.9257 A. In the disordered unit cell, the equal
distribution of europium atoms in each plane is signified by a 50 % occupancy of each Eu atom. As a result,
Ta%* ions are no longer displaced towards the vacancy layer, lowering the SOJT elongation of the polyhedra.
When accounting for the lack of displacements, the occupancy-dependent z-positions become equivalent:

Zta = Zo1 = Zo3 = 0.25
To calculate theoretical XRD intensity ratios, atomic form factors for each distinct atom or ion in the crystal

must be computed. The atomic form factors, which are dependent on the lattice constants of the crystal,
were computed for each ion or atom using the formulal?



FIG]) = e+ Z a,exp (_b,. (f_n)z)

where G = |G| and is calculated as follows:

A

NORCEIO
a;, b;, and ¢, are angle-dependent empirical fitting parameters that are tabulated in the International Tables
for Crystallography. Specifically, the parameters for the ions Eu?* and Ta% and for the free atom O were
used in the above calculations. The parameters have been calculated using relativistic Dirac-Slater

wavefunctions (Ta%*, Eu?*) and relativistic Hartree-Fock wavefunctions (O).
Structure factors were subsequently calculated as follows:

Snia(x) = xFgy1 + (1 — x)Fgyp + Frg + Fp

F = }j(|5|)z exp (2ni(hx]- + ky; + lz]-))

j=1

where x is the occupancy of Eu1, and n corresponds to the number of atoms of the same element in the
atomic position basis that share an occupancy value.

To validate this approach, structure factors of the extensively studied cubic perovskite SrTiOs were
calculated. The close match between the calculated SrTiOs structure factors and the VESTA-generated
SrTiOs structure factors suggested that the approach is accurate.

To further validate the use of our Python code on ETO, the structure factors of ETO were calculated using
the code, then compared to VESTA-generated structure factors.
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Figure S$12: Calculated structure factors for ETO using the DFT-based atomic position basis are plotted
against structure factors generated by VESTA software for the P4/mmm ETO crystal. Structure factors for
the (001) through (008) peaks are shown here. Calculations were iteratively done for 0.5 < x < 1.0 using
Python code, whereas VESTA structure factors were found for selected occupancy values in the same
range. Miller indices are based on the doubled unit cell of ETO.

After validating our method for calculating structure factors, we calculated the XRD intensities for given
Miller indices using the following formula:El

Iy = Spia)® - Mgy~ L

1+ cos*(26,,) cos?(26)
sin? 0 cos @

Here, M,,, is the multiplicity and L is the Lorentz-polarization factor. The multiplicity was computed as 27,
where b is the number of non-zero values in the set (h, k, /). The temperature factor has been neglected in
the intensity calculations.

Intensity ratios were determined for various Miller index peaks. A Python script was written to calculate
intensity ratios while iterating through occupancy values, x, between 0.5 and 1.0.

The “interp1d” function from the scipy library was employed to estimate the occupancy values of ETO
samples based on a series of iteratively-calculated intensity ratios. The “nearest” method of interpolation
was used, given the non-linearity of the plotted intensity ratios. Intensity ratio plotting and interpolation was
done for the following ratios, obtained from XRD scans: 001:002, 001:004, 001:006, 003:002, 003:004, and
003:006. The average and standard deviation of the occupancy values obtained via interpolation was
determined for each sample.

An example of intensity ratio curves obtained through the Python code is shown in Figures S13. Six sets
of intensity ratios are plotted — 001:00¢ and 001:00¢, where ¢ is 2, 4, or 6. The occupancy of europium in
the sample is estimated to be 64.0% + 0.07 based on interpolation of experimentally-obtained XRD intensity
ratios on each of the six curves.

The ordering parameter ¢ = (N — Ng)/N;, is defined as the total number of A-site cations N;, divided by
the difference of N (number of A-site cations in the nominally filled layer) and Ny (number of A-site cations
in the nominally empty layer). The fundamental assumption is that the films are stoichiometric, EuTaz0e.



The Eu occupancy varies from 1 to 0.5 in nominally filled layer (0.5 to 0 in nominally empty layer) while
calculating the intensity ratios between even 00¢ and odd 00¢ peaks and was compared to the measured
intensity ratios of our samples grown.
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Figure S13: Six curves were created using iterative Python methods. (top) The 001:002, 001:004, and 00
1:006 intensity ratios are plotted; (bottom) The 003:002, 003:004, and 003:006 intensity ratios are plotted.
The six black points represent interpolated occupancy values based on the XRD intensity ratios obtained
from scans of the sample. All Miller indices are based on the doubled unit cell of ETO.



4. HAADF-STEM electron diffraction
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Figure S14: Quantitative HAADF-STEM analysis across 1100 Eu atomic columns for the same 16.3 nm
ordered film of EuTaz0e thin film grown on SrTiOs (001).

Figure S15: (a) Cross-sectional HAADF-STEM image highlighting regions with differing degrees of
europium ordering in a EuTa20s thin film grown on SrTiO3 (001). Two representative regions are marked:
one exhibiting clear europium ordering (green circle) and another with reduced ordering (blue circle). (b)
Fast Fourier Transform (FFT) from the ordered region (green circle) clearly reveals superlattice reflections
(highlighted by yellow circles), confirming out-of-plane europium ordering. (c) Inverse FFT image of the
ordered region, emphasizing the periodic arrangement corresponding to the observed superlattice
reflections. (d) FFT from the disordered region (blue circle) lacks these superlattice reflections, indicating
reduced or absent europium ordering. (e) Inverse FFT image of the disordered region, highlighting the
absence of ordering-related periodicity.



5. Additional sample characterization of fractional double perovskite SrTa20s

SrTa20s is a fractional double perovskite with a = 3.926 A and ¢ = 7.940 A. Similar to EuTa2Os the preferred
layered hettotype results in an anisotropic bonding (SOJT) arrangement for the octahedrally coordinated
Ta5*. Here, the apical Ta-O(y) (A) bond length towards the vacant layer has shortened to 1.903 A, while the
Ta-O(z) (A) bond length towards the EuO layer has elongated to 2.066 A from the symmetrical apical bond
distance of 1.980 A. The SOJT is expected to break the degeneracy of the Ta* t,-manifold in a similar
fashion as in EuTaz20s, where the d,, is energetically favored. The dy, orbitals have suppressed out-of-plane
hopping and, as a result, the conduction band edge exhibits dispersive behavior along the '—-=X and -M
directions while appearing flat along N—-Z.
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Figure $16: X-ray diffraction of a 14.8 nm thick film of SrTa20e grown on Nb:SrTiOs: a Symmetrical 6-26
scan showing only 00l peaks of SrTa20e. Laue oscillations indicate a well-defined film thickness, caused by
an abrupt interface between film and substrate. b ¢-scans around the 103-type substrate and 106-type film
reflections. d Overlaid rocking curves of 001 SrTiOs and 002 SrTa20s reflections, showing comparable
FWHMs, indicating low out-of-plane mosaicity (Aw = 0.013°). d Reciprocal space map (RSM) around the
103 substrate and 106 film reflection. The RSM results confirm that the film is commensurately strained to
the substrate.

Q (A

AFM reveals atomic steps on the as grown films with step heights corresponding to the c-axis of the
fractional double perovskite. Suggestion step flow growth with a smooth interface between film and
substrate. The well-defined surface structure suggests that out-of-plane domains are propagated from the
substrate-film to the sample surface. Figure S17 a and b illustrate the potential surface termination which
would result in the observation of step height d =7.4 A and 3.9 A.
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Figure $17: a Surface step schematic for SrTa20s with its c-axis perpendicular to the substrate plane. b
Surface step schematic of Sros5TaOs. ¢ AFM micrograph of a 14.8 nm thick SrTaz0s film on SrTiOs (001),
with a rms of 0.42 nm taking the whole 10 ym area as reference. d Extracted line profile (2 pm width) from
the same AFM micrograph. Majority of visible step correspond to the elongated unit cell characteristic for
the ordered fractional double perovskite.



6. Electronic structure of fractional double perovskite SrTaz0¢
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Figure S18: a in situ angle-resolved valence band structure of a 14.8nm thick SrTazOe film, measured with
an incident photon energy of 21.2 eV. Faint conduction bands crossing Er are present but extremely weak
relative to the O 2p valence bands. b-e High-resolution band dispersion of the Ta 5dy, conduction bands
crossing Er, measured at various photon energies corresponding to different plasma gas emission lines.
Lines used are Ne-l (16.85 eV), He-la (21.2 eV), He-IB (23.09 eV), and Ne-Il (26.9 eV), spanning 0.46 A"
in kz. Ne-l and Ne-ll spectra are processed with an algorithm described elsewhere to remove overlapping
doublet spectra.¥l The lack of out-of-plane dispersion over this range of k: indicates the highly 2D character
of the Ta 5dy, bands. f Corresponding Fermi surface map for He-la, integrated over + 20 meV. Black lines
indicate the nominal Brillouin zone boundary for the underlying SrTiO3 substrate. g Comparison of angle-
integrated valence band spectra of SrTaz0e to EuTaz0s, as duplicated from the main text. The relative shift
of O 2p bands to higher binding energies indicates additional electron doping. The inset shows a zoom in
on the integrated Fermi edge, indicating increased spectral weight at Er from the Ta 5dy, conduction bands.
All measurements were performed in situ without exposure to atmosphere and with the film held at a
temperature of 8 K.
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Figure $19: a,b in situ angle-resolved Fermi surface maps for a SrTa20e film, measured with Ne-I (hv =

16.85 eV, a) and He-l (hv = 21.2 eV, b). Data are integrated about +/- 15 meV of Er. ¢ Projected Fermi
surface areas at each photon energy based on measured kr values from [Figure S18] (panel d).
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Figure S20: a A-site cation ordering scheme for fully ordered SrTazOs. b A-site cation ordering scheme for
partially ordered SrTa20s where 25 % of the Sr occupies the nominally vacant planes. lllustrations were
prepared with VESTA.I Orbital-projected band structure of ¢ ordered SrTa20e and d partially occupied
SrTa20s calculated by DFT. Flat bands along '—Z persist in partial order.
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