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Identification of kinetic and thermodynamic factors that control crystal nucleation
and growth represents a central challenge in materials synthesis. Here we report
that apparently defect-free growth of LagMnNiOg (LMNO) thin films supported on
SrTiO3 (STO) proceeds up to 1-5 nm, after which it is disrupted by precipitation of
NiO phases. Local geometric phase analysis and ensemble-averaged X-ray reciprocal
space mapping show no change in the film strain away from the interface, indicating
that mechanisms other than strain relaxation induce the formation of the NiO phases.
Ab initio simulations suggest that the electrostatic potential build-up associated with
the polarity mismatch at the film-substrate interface promotes the formation of oxy-
gen vacancies with increasing thickness. In turn, oxygen deficiency promotes the
formation of Ni-rich regions, which points to the built-in potential as an additional
factor that contributes to the NiO precipitation mechanisms. These results suggest
that the precipitate-free region could be extended further by either incorporating
dopants that suppress the built-in potential or by increasing the oxygen fugacity in

order to suppress the formation of oxygen vacancies.



The formation of undesirable and uncontrolled phases during thin film nucleation and
growth represent a fundamental obstacle to the atomically-precise synthesis of materials with
targeted properties. As highlighted in recent reviews,'? it is extremely difficult to observe
and harness kinetic processes, hindering our efforts to control film growth.® The conditions
associated with different techniques, such as pulsed laser deposition (PLD) and molecular
beam epitaxy (MBE), lead to vastly different energy landscapes that govern the synthesis
process. Furthermore, it is understood that film deposition is a dynamical process—namely,
conditions at the growth front change during deposition resulting in complex synthesis out-
comes. There is a pressing need to understand the factors that govern this dynamical
behavior and how they can trigger the formation of inhomogeneities, from isolated defects

to parasitic phases.*®

Coherently strained epitaxial thin films offer a highly controlled environment in which to
identify the signatures and guiding mechanisms of phase separation events. The ability of
perovskite oxides to phase separate has already been exploited to produce complex nanos-
tructured materials;” '' however, predictive control of nanocomposites remains elusive, and
more insight is needed into the details of elementary processes and species that mediate
phase separation. For example, the polarity mismatch at polar / non-polar interfaces is
thought to induce NiO phase separation in LaNiO3 / LaAlOg superlattices grown on SrTiOj
(STO).' Lazarov et al. have demonstrated that polar FesO, / MgO (001) interfaces can
be stabilized through the formation of Fe nanocrystals, rather than through interface re-
construction, faceting, or intermixing.'® These studies illustrate that oxide thin film systems
form through complex synthesis routes dictated by chemical composition, as well as external

conditions.

Recently, we have characterized Ni-rich precipitates in the double perovskite La;MnNiOg
(LMNO), which our ab initio simulations indicate form in an oxygen-poor growth
environment.'# The formation of defects in oxygen-deficient conditions has also been noted by
Guo et al.;* interestingly, the authors found that PLD-deposited LMNO films in 100 mTorr
pOs exhibited a defect-free 5-10 nm interface layer atop which a defective film formed. The
authors proposed that homogeneous film growth proceeds until a critical thickness, beyond
which defect formation acts to relax the relatively small 1% lattice mismatch between the
film and substrate; however, no evidence of misfit dislocations was found and no conclusive

phase separation mechanism was identified. In contrast to the simple perovskite structure,



the presence of two different B-site cations in the double perovskite can lead to widespread

anti-site defects,'6:17

which can in turn favor oxygen vacancy formation. The interaction of
cation species and oxygen vacancies provides a potentially unique way for double perovskites
to screen interface charge and represents an unexplored driver for phase separation.

Here we report that, while synthesis conditions favor the formation of NiO precipitates
inside LMNO films,'* there is a 1-5 nm region at the LMNO / STO interface that is free
of these precipitates. We then propose an atomic-scale mechanism that triggers the for-
mation of Ni-rich regions outside of this near-interface region and suggest how precipitate
morphology may be controlled by dynamically changing synthesis conditions.

We have prepared several 40 nm-thick LapMnNiOg films on STO (001) substrates using
molecular beam epitaxy (MBE), as described elsewhere.!* Figure 1.A shows a cross-sectional
high-angle annular dark field (STEM-HAADF) image of the sample, confirming a heteroepi-
taxial film structure with a sharp film-substrate interface. While the overall contrast in this
region is uniform, we observe some contrast variations that indicate possible composition
fluctuations. We have previously determined nanoscale NiO precipitate formation to be the
origin of the contrast variations, but the onset of phase separation is unclear.'* To assess the
local strain state of the film, we perform geometric phase analysis (GPA), which allows us
to measure local strain at nanometer-scale spatial resolution with ~ 0.1% strain resolution
directly from STEM images.'®! Figure 1.B shows a map of the in-plane strain (ey,) com-
ponent, which exhibits a near constant value with some periodic fluctuations (£0.5%) that
run the entire length of the image (even in the vacuum). These fluctuations are likely the
result of scan noise and flyback error, which are known to introduce stripe-like artifacts in
GPA maps based on STEM images.?® These local strain measurements show no indication of
overall film strain relaxation, a finding present in multiple GPA maps and further supported
by ensemble-averaged X-ray reciprocal space mapping (RSM). As shown in Figure 1.C, the
film is coherently strained to the substrate, with no relaxation within the resolution of our
measurements. These results suggest that the formation of NiO precipitates is driven by
factors other than strain relaxation and that further analysis of secondary phase morphology
is needed to understand the nucleation process.

Figure 2.A shows a high-angle annular dark field (STEM-HAADF) image from a very
thin region of the foil in which a single NiO precipitate is present. This image reveals the

complex spatial distribution and morphology at the surface of the nanocomposite structure.
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FIG. 1. Measurement of film quality and strain state. (A) Colorized cross-sectional STEM-HAADF
image and corresponding (B) in-plane strain (exy) map generated using GPA. The dashed box
marks the reference region. (C) X-ray reciprocal space map around the STO (103) reflection

showing that the LMNO layer is coherently strained in-plane.

First note the inverted “pyramid”-like shape of the NiO precipitate, which progresses from
a 2-3 nm base to a ~10 nm wide mouth at the film surface. While columnar structures have
recently been observed in other perovskites,?! this unique morphology is shaped by facets
along <111>-type directions, inclined 50-53° to the substrate, compared to the theoretical
angle of 54.7° between the (111) and (001) planes. We find that both the LMNO matrix and
the NiO secondary phase are crystalline: the former possesses a P2;/n double perovskite
structure, while the latter has a F'm3m rock-salt structure. Moreover, there appears to be a
distinct quasi-epitaxial [110]nio // [110]Lmno || (001)nio // (001)pmno relationship between
the phases. More detail of the interface between the precipitate and matrix is shown in Figure
2.B, which presents an inverted annular bright field (STEM-ABF) image that is sensitive to
light elements in the structure. This unfiltered image is the result of non-rigid alignment,
which improves signal-to-noise and reduces scan artifacts that can obscure the underlying
data.?? Theoretical crystal structures have been overlaid onto this structure, showing the
excellent lattice match between the phases, which are separated by a transition region likely
resulting from tapering of the crystal in the beam direction.

Let us consider the epitaxial out-of-plane strain between the matrix and secondary phase.

23,24

Assuming bulk lattice parameters of cpyno = 0.387 nm and cnjo = 0.417 nm, we expect

a large out-of-plane lattice mismatch of,

CNiO — CLLMNO o 0.417 — 0.387

= =72
CNiO 0.417 7 %
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FIG. 2. Interface between the secondary phase and matrix. (A) Cross-sectional STEM-HAADF
image of a thin sample region taken along the [110] zone-axis, in which an isolated precipitate is
clearly visible. (B) Non-rigid registered inverted ABF image of the dashed in region in (A), overlaid
with theoretical LMNO and NiO crystal models. (C) Out-of-plane strain (eyy) map generated using
GPA, with misfit dislocations at the LMNO / NiO interface indicated by arrows. The dashed box
indicates the reference region. (D) Model of lattice matching across the interface, showing how the
misfit between the two phases is accommodated by dislocations. Atoms: Red = O, green = La,

cyan = Ni, and yellow = Mn.



Based on the behavior of other perovskite-based nanocomposites,'! we expect that misfit
dislocations will form to accommodate this strain. Figure 2.C shows an array of misfit
edge dislocations decorating the NiO / matrix interface. This figure shows a colormap of
local out-of-plane strain (eyy) relative to the bulk matrix strain state; in the center of the
NiO precipitate we observe a clear out-of-plane expansion of 6.4 4+ 0.1%, suggesting that
the majority of the lattice mismatch is relaxed by dislocations. From our GPA maps we
estimate an average dislocation spacing of ~3.2 nm, which we can use to calculate the
lattice match between the phases. We note that the closest (001) plane spacing for each
phase is dyio (0o1) = 0.2085 nm and diyno (001) = 0.1934 nm. Assuming no deviation from
this bulk spacing, the best matching combination is 14 (001) planes in NiO and 15 (001)
planes in LMNO. This combination yields total distances of 2.92 and 2.90 nm in NiO and
LMNO, respectively, in good agreement with the measured dislocation spacing of ~3.2 nm.
Despite the difference in out-of-plane lattice parameters, the LMNO films are fully coherent
with the STO substrates even with the inclusion of NiO phase, as revealed by reciprocal
space maps taken along the (103) film reflection.’® Using this information, we are able to
construct a model of the interface lattice matching, as shown in Figure 2.D. The clear
boundary between two crystalline regions shows that large-scale phase ordering of tens of
nanometers is possible in this system and that a distinct orientation relationship can be

preserved between the constituent phases far from the substrate.

With an overall structural understanding of the NiO / matrix interface, we now discuss
the mechanism of NiO precipitate formation. While STEM imaging provides valuable insight
into local morphology, projection issues make it difficult to extract three-dimensional (3D)
compositional information that can inform our models. We therefore performed atom probe
tomography (APT) measurements, which allow us to reconstruct the 3D spatial distribution
of individual elements at the nanometer scale.?’ Figure 3.A shows a volume reconstruc-
tion of LMNO / STO interface, with a 15 at % Ni iso-composition surface shown in green,
highlighting NiO columns, and the film / STO interface shown in red. While this construc-
tion allows us to sharply delineate the Ni-rich regions of the film, we note that there is a
composition gradient from the core of each precipitate to the matrix. Electron energy loss
spectroscopy (STEM-EELS) measurements, presented in Figures S4-5, confirm this gradient
and also reveal a Mn enrichment around the NiO phases. We observe a strikingly homoge-

neous distribution of columnar NiO precipitates approximately 2-3 nm in diameter, running
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FIG. 3. Multidimensional APT / STEM analysis of secondary phase morphology. (A) Transverse
(top) and oblique (bottom) views of a 15 at % Ni iso-composition surface of the sample, revealing
faceted NiO precipitates marked by arrows. (B) 2D Ni composition map from the dataset in (A),
highlighting the gap between precipitates and the substrate (marked by arrows). Volume: 1 nm
x 30 nm x 40 nm. (C) STEM-LAADF image taken along the [110] zone-axis, emphasizing strain

around the NiO precipitates.

from 1-5 nm above the substrate to the surface. Many of these structures exhibit pinched,
neck-like features resulting from faceting, as indicated by the arrows in Figure 3.A, as well
as inverted pyramid-like shapes similar to those in Figure 2.A. This behavior is comparable
to the branched growth previously observed in NiFe,O, / LaFeOg driven by energy-reducing

facet formation.?6

Most interestingly, we observe a region in the immediate vicinity of the substrate that is
largely devoid of significant phase separation (i.e. ordered LMNO). This behavior contrasts
markedly with related systems, such as Lag g;Cag33MnOs / MgO?" and LaNiO3 / LaAlO3,!?
in which secondary phases nucleate directly at the film / substrate interface. A clearer
representation of this interface region is shown in the two-dimensional (2D) Ni composition

map in Figure 3.B, constructed by taking a 2D volume of 1 nm x 30 nm x 40 nm through
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a representative part of the APT dataset. This figure indicates that the upper portion of
the film is dominated by high aspect-ratio NiO precipitates that are missing from a 1-5
nm layer at the substrate. Low-angle annular dark field (STEM-LAADF) measurements,
shown in Figure 3.C, confirm this observation. This imaging mode is highly sensitive to a
strained layer at the film-substrate interface, as well as the presence of large strains around
the columnar NiO precipitates in the upper portion of the image; the core of the precipitates
are largely absent from a layer immediately adjacent to the substrate. Taken together, these
results suggest that the initial film growth proceeds in a homogeneous fashion and that the

onset of phase separation does not occur until 1-5 nm film thickness is reached.

These observations point to a growth mechanism that depends on the LMNO film thick-
ness and which can be affected by, for example, build-up of lattice strain and/or build-up of
the electrostatic potential due to the polar mismatch at the interface. While strain relax-
ation via misfit dislocations and other defects is commonly encountered in oxide thin films,
our GPA and XRD results suggest that such relaxation is minor. Anti-site defect cluster-
ing has been explored in the LiMnPO, and LiFePO, systems; while isolated defects were
energetically preferred in the former, the latter exhibited a significant free energy reduc-
tion associated with the formation of defect clusters. Similar defect clustering could induce
phase separation in the present study. Previous study of LaNiOj / LaAlOj interfaces has
also raised the intriguing possibility of the phase separation driven by a polar mismatch at

the film-substrate interface.!?

To reveal the atomic-scale origin of LMNQO’s properties in the initial growth stages, we
have evaluated the thermodynamic stability of several types of defect structures as a function
of LMNO film thickness using the density functional theory (DFT) formalism. Here we
consider the evolution and stability of the LMNO film during growth, proposing a possible
mechanism that underpins the phase separation process. We note that idealized LMNO /
STO interface is a polar / nonpolar junction that is expected to exhibit electrostatic potential
build-up in the LMNO film as its thickness (n) increases. In contrast to the well-known case
of LaAlO3 / SrTiO3 (LAO / STO), Ni and Mn species in LMNO have partially occupied
3d shells, which can facilitate electron charge redistribution within the film and, thereby
offsetting electrostatic potential build up and suppressing cross-interface cation intermixing.
Indeed, our previous studies have shown that Cr-Ti intermixing at the LaCrOj/SrTiO;

interface leads to noticeably lower energy gain that equivalent Al-Ti intermixing at the
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FIG. 4. Charge redistribution in LMNO facilitates the formation of NiO precipitates. (A) Periodic
slab used in ab initio modeling of defect formation mechanisms. Thickness of the LMNO film
was varied between n = 1 and n = 4. Numbers on the left indicate atomic planes. (B) Charges
of the AO and BOj planes (squares) per 1x1 lateral cell and average oxygen charge (circles) in
ordered stoichiometric LMNO (n = 4) show that electrons transfer from the surface to LMNO /
STO interface. (C) Gibbs free energies for LMNO (n = 2,4), in which the surface BO3y plane is
segregated into MnOs and NiOs_, regions for z = 0.0, 0.5, and 1.0, show that phase separation
of NiO becomes preferred as oxygen chemical potential decreases and n increases. (D) Proposed
mechanism of initial stages of NiO segregation: formation of Ni-rich areas is facilitated by Vo and
by the ability of LMNO to accommodate additional charge in the form of Mn3* ions (see also
Figures S4-6).

LaAlO3/SrTiO; interface.?® 30

According to our calculations, the electrostatic field in the film is ~0.1 V AT (see Figure
S10.A) for n = 4 u.c., which is significantly smaller than the corresponding field of ~0.24 V
A7 theoretically predicted for idealized LAO / STO.3! The low field value is consistent with
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the following charge redistribution scenario: as the LMNO thickness increases from n = 2 to
n =4 u.c., ~0.3 |e| transfers from the top-most MnsNiyOg plane to the positively charged
interface (MngsNip502 / LaO / TiOs) and partially offsets the internal field induced by
the polarity mismatch, as shown in Figures 4.A,B. In turn, as the top-most LMNO plane
becomes positively charged with respect to the bulk lattice, the surface anions become
destabilized. This effect is illustrated in Figure S11, which shows that, with the exception
of a single monolayer LMNO film, the energy cost of forming an oxygen vacancy in the top-
most LMNO plane decreases with increasing film thickness. These calculations are further
supported by STEM-EELS measurements of oxygen vacancy formation shown in Figure S3.
We find that two electrons associated with such oxygen vacancies are primarily localized at
the Mn species located near the vacancy site; the resulting electron density redistribution
and atomic displacements further suppress the internal field to less than 0.05 V A (see

Figure S10.B).

Next we demonstrate that cation (Mn and Ni) site disorder is strongly correlated to the
local oxygen deficiency. First we note that Mn / Ni substitutional defects have relatively low
formation energies. For example, swapping neighboring Mn and Ni atoms in the top-most
LMNO plane results in the formation of Mn and Ni rows oriented along [100] lattice vectors.
The cost of forming this configuration is ~0.3 eV with respect to the ordered LMNO film.
Similarly, the structure formed by off-register deposition of two consecutive LMNO unit
cells is only 0.3 eV less stable than the corresponding ordered structure (see Figure S12 for
more details). Assuming that the formal ionic charges of Ni, Mn, and O species remain
unchanged, such non-ordered configurations have local regions that are either negatively
(Ni?*O?*"Ni%T) or positively (Mn**O?>~Mn*") charged with respect to equivalent regions in
the ideal lattice (Ni?*O*"Mn**). Oxygen vacancies can stabilize such Ni-rich and Mn-rich
regions simultaneously. Indeed, if the vacancy is located between two Ni sites and the two
electrons associated with this vacancy localize on the Mn species, then the local charges
of both Ni-rich (Ni**VoNi?*) and Mn-rich (Mn*"O?~Mn?*") regions become equivalent to
that in the ordered lattice. We note that similar association of oxygen vacancies and Ni-rich
regions was proposed to take place in LiNig sMn; 504_s spinel and control voltage suppression

in Li-ion batteries that use this material.3?

To quantify the link between oxygen deficiency and Mn / Ni disorder, we simulate LMNO

films in which the surface plane is segregated into pure MnO, and NiO,; we then calculate

10



the stability of this segregated system as a function of oxygen content for several different
film thicknesses. Given the size of the lateral cell used in this work, the composition of
the fully oxidized top plane in the Ni-rich case is NizOg, which corresponds to the average
formal charge of 34+ for the Ni species. Hence, forming two oxygen vacancies in this plane,
which corresponds to NiyOg composition, converts all Ni species to Ni?* ions. Forming two
more vacancies results in a composition equivalent to NiO (planar NisO4) and produces
four electrons that can localize either between Ni%* ions in the NiOy_, plane (similar to the
electrons in the F-center in MgO) or on Mn and Ti 3d-states. The full set of the calculated
vacancy formation energies in the Ni-rich LMNO is given in Table SI. Importantly, formation
of the first two Vo, i.e. Ni*™ —Ni** conversion, requires a relatively low energy (1.1-2.2
eV) that is almost independent of the LMNO film thickness. In contrast, formation of the
second two Vo, i.e. (Mn,Ti)*" — (Mn,Ti)*" conversion, requires a higher energy (2.0-3.2

eV) that decreases slowly with increasing film thickness.

Figure 4.C shows the Gibbs free energies calculated as a function of oxygen chemical
potential Aup3® for the cases of n = 2 and n = 4 u.c. and z = 0.0, 0.5, and 1.0, i.e.,
up to four Vo per 2x2 lateral cell. The experimental LNMO / STO deposition conditions
(T = 650°C and poz ~ 1 x 107° Torr) correspond to a Aug value of ~ ~1.3 eV. It is clear
that the combination of segregated MnO, and oxygen deficient NiOs_, (up to = ~ 0.5)
regions at the LMNO surface becomes more stable as the LMNO thickness increases. We
attribute this effect to the increasing number of Mn** ions, which can be converted to Mn3*
(in general Mn®*™7 4 >0) ions and offset the cost associated with vacancy formation, as

illustrated in Figure 4.D.

Our experimental measurements reveal the presence of a phase-pure 1-5 nm interface
region of LMNO that is devoid of NiO precipitates. XRD and GPA confirm that the film is
uniformly strained, pointing toward another mechanism for phase separation. These findings

15,34 which we

help clarify anomalous features in prior TEM and electron diffraction studies,
believe are the result of nanodomain formation that is not apparent in conventional XRD
measurements. We propose that when the LMNO is thin, the polarity discontinuity potential
is low and its effect on the formation of oxygen vacancies and cation disorder is negligible.
While we cannot rule out the formation of these defects, the relatively high oxygen vacancy

formation energies for thin films (see Table SI) and the experimentally observed phase-pure

LMNO within 1-5 nm near the interface, suggest that the concentration of these vacancies
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is low. As the film grows, the built-in potential arising from the polar discontinuity at the
LMNO / STO interface becomes sufficient to promote the formation of surface oxygen va-
cancies and associated Mn / Ni site disorder, including segregation of Mn-rich and Ni-rich
areas, in addition to cation disorder and oxygen deficiency defined by the synthesis con-
ditions. Furthermore, as the number of Mn** ions in the film becomes sufficiently large,
additional vacancies can form as discussed above and promote the formation of Ni-rich re-
gions with a chemical composition equivalent to that of NiO. We emphasize that sources
of inhomogeneity during growth—namely, variations of atom density within the elemental
beams, fluctuations in cation and oxygen stoichiometry, as well as the temperature at the
growth front—may result in non-homogeneous, still perovskite-ordered films. Hence, the
formation of electronic and structural motifs that trigger NiO precipitation is also hetero-
geneous; a more complete understanding of the nucleation of crystalline phases from such

motifs is an area of intense ongoing research.?

Our measurements provide direct evidence that the onset of NiO phase separation in
LMNO / STO films begins 1-5 nm from the interface. We note that local GPA and ensemble-
averaged X-ray RSM indicate that the LMNO film is fully strained to the substrate and
that no measurable relaxation takes place. Ab initio modeling suggests that Ni-rich areas
form in response to oxygen-deficiency; in turn, the likelihood of oxygen vacancy formation
increases with increasing LMNO thickness due to the polarity mismatch at the LMNO / STO
interface. Beyond a 1-5 nm phase-pure interface region, NiO precipitates form in a quasi-
epitaxial growth relationship to the substrate, indicating that synthesis in an environment of
limited oxygen fugacity may serve as a route to design ordered nanocomposites. As defect-
free LMNO is deposited atop LMNO containing NiO precipitates, the polarity mismatch
between these regions and the resulting built-in electrostatic potential will further enhance

oxygen vacancy formation; this, in turn, will trigger the precipitation of new Ni-rich regions.

Finally, we propose that dynamic tuning of growth conditions can be used to control
the onset of NiO phase separation. In particular, increasing the oxygen chemical potential
either by elevating the growth pressure or by introducing additional oxygen atmosphere
annealing steps after deposition of each new unit cell should suppress the formation of
oxygen vacancies and associated Mn/Ni site disorder, albeit at the cost of a higher built-
in electrostatic potential. Alternatively, doping LMNO with transition metals that enable

efficient electron redistribution within the film would also suppress the built-in potential,
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as well as its effect on the oxygen vacancy formation. In both cases it may be possible to
dictate the onset, distribution, and morphology of the NiO precipitates, paving a way for

control of nanoscale phase separation and precise atomic-scale synthesis.

13



ACKNOWLEDGEMENTS

S.R.S. thanks Drs. Yuanyuan Zhu and Quentin Ramasse for constructive discussions.
This work was supported by the U.S. Department of Energy, Office of Science, Division of
Materials Sciences and Engineering under award #10122. All work was performed as part
of a science theme user proposal in the Environmental Molecular Sciences Laboratory, a
national science user facility sponsored by the Department of Energy’s Office of Biological
and Environmental Research and located at Pacific Northwest National Laboratory. Pacific
Northwest National Laboratory (PNNL) is a multiprogram national laboratory operated for
DOE by Battelle.

14



REFERENCES

1J. De Yoreo and S. Whitelam, “Nucleation in atomic, molecular, and colloidal systems,”
MRS Bull. 41, 357-360 (2016).

2J. J. De Yoreo, P. U. P. A. Gilbert, N. A. J. M. Sommerdijk, R. L. Penn, S. Whitelam,
D. Joester, H. Zhang, J. D. Rimer, A. Navrotsky, J. F. Banfield, A. F. Wallace, F. M.
Michel, F. C. Meldrum, H. Colfen, and P. M. Dove, “Crystallization by particle attachment
in synthetic, biogenic, and geologic environments,” Science 349, 6247 (2015).

3R. Sear, “What do crystals nucleate on? What is the microscopic mechanism? How can
we model nucleation?” MRS Bull. 41, 363-368 (2016).

4U. Kaiser, D. Muller, J. Grazul, A. Chuvilin, and M. Kawasaki, “Direct observation of
defect-mediated cluster nucleation,” Nat. Mater. 1, 102-105 (2002).

°T. Dietl, “A ten-year perspective on dilute magnetic semiconductors and oxides,” Nat.
Mater. 9, 965-974 (2010), arXiv:arXiv:1108.2582v1.

6S. V. Kalinin, B. J. Rodriguez, A. Y. Borisevich, A. P. Baddorf, N. Balke, H. J. Chang,
L. Q. Chen, S. Choudhury, S. Jesse, P. Maksymovych, M. P. Nikiforov, and S. J. Pen-
nycook, “Defect-mediated polarization switching in ferroelectrics and related materials:
From mesoscopic mechanisms to atomistic control,” Adv. Mater. 22, 314-322 (2010).

"W. Zhang, A. Chen, Z. Bi, Q. Jia, J. L. Macmanus-Driscoll, and H. Wang, “Interfacial
coupling in heteroepitaxial vertically aligned nanocomposite thin films: From lateral to
vertical control,” Curr. Opin. Solid State Mater. Sci. 18, 6-18 (2014).

8Q. He, Y.-H. Chu, J. T. Heron, S. Y. Yang, W. I. Liang, C. Y. Kuo, H. J. Lin, P. Yu, C. W.
Liang, R. J. Zeches, W. C. Kuo, J. Y. Juang, C. T. Chen, E. Arenholz, a. Scholl, and
R. Ramesh, “Electrically controllable spontaneous magnetism in nanoscale mixed phase
multiferroics.” Nat. Commun. 2, 225 (2011).

%Y. Wang, J. Hu, Y. Lin, and C.-w. Nan, “Multiferroic magnetoelectric composite nanos-
tructures,” NPG Asia Mater. 2, 61-68 (2010).

107, L. Macmanus-Driscoll, “Self-assembled heteroepitaxial oxide nanocomposite thin film
structures: Designing interface-induced functionality in electronic materials,” Adv. Funct.
Mater. 20, 2035-2045 (2010).

1J. L. MacManus-Driscoll, P. Zerrer, H. Wang, H. Yang, J. Yoon, A. Fouchet, R. Yu,

M. G. Blamire, and Q. Jia, “Strain control and spontaneous phase ordering in vertical

15



nanocomposite heteroepitaxial thin films,” Nat. Mater. 7, 314-320 (2008).

12E. Detemple, Q. M. Ramasse, W. Sigle, G. Cristiani, H.-U. Habermeier, E. Benckiser, a. V.
Boris, A. Frano, P. Wochner, M. Wu, B. Keimer, and P. A. van Aken, “Polarity-driven
nickel oxide precipitation in LaNiOz-LaAlO3 superlattices,” Appl. Phys. Lett. 99, 211903
(2011).

13V, K. Lazarov, S. A. Chambers, and M. Gajdardziska-Josifovska, “Polar oxide interface
stabilization by formation of metallic nanocrystals,” Phys. Rev. Lett. 90, 216108 (2003).

14§ R. Spurgeon, Y. Du, T. Droubay, A. Devaraj, X. Sang, P. Longo, P. Yan, P. G. Kotula,
V. Shutthanandan, M. E. Bowden, J. M. LeBeau, C. Wang, P. V. Sushko, and S. A.
Chambers, “Competing pathways for nucleation of the double perovskite structure in the
epitaxial synthesis of LagMnNiOg,” Chem. Mater. 28, 3814-3822 (2016).

5H. Z. Guo, J. Burgess, E. Ada, S. Street, A. Gupta, M. N. Iliev, A. J. Kellock, C. Ma-
gen, M. Varela, and S. J. Pennycook, “Influence of defects on structural and magnetic
properties of multifunctional La2NiMnOG6 thin films,” Phys. Rev. B 77, 174423 (2008).

16T, Saha-Dasgupta, “Magnetism in Double Perovskites,” Journal of Superconductivity and
Novel Magnetism 26, 1991-1995 (2013).

M. P. Singh, K. D. Truong, S. Jandl, and P. Fournier, “Long-range Ni/Mn structural order
in epitaxial double perovskite LagNiMnOg thin films,” Phys. Rev. B 79, 224421 (2009),
arXiv:0905.3550.

I8M. J. Hitch and A. M. Minor, “Observing and measuring strain in nanostructures and
devices with transmission electron microscopy,” MRS Bull. 39, 138-146 (2014).

M. Hitch and F. Houdellier, “Mapping stress and strain in nanostructures by high-
resolution transmission electron microscopy,” Microelectron. Eng. 84, 460-463 (2007).
20M. Vatanparast, P. E. Vullum, M. Nord, J.-M. Zuo, T. W. Reenaas, and R. Holmestad,
“Strategy for reliable strain measurement in InAs/GaAs materials from high-resolution

Z-contrast STEM images,” J. Phys. Conf. Ser. 902, 012021 (2017).

21K, Zhang, J. Dai, X. Zhu, X. Zhu, X. Zuo, P. Zhang, L. Hu, W. Lu, W. Song, Z. Sheng,
W. Wu, Y. Sun, and Y. Du, “Vertical Lag ;Cag3MnO3 nanorods tailored by high magnetic
field assisted pulsed laser deposition,” Sci. Rep. 6, 19483 (2016).

22See Supplemental Material at [URL will be inserted by publisher] for details on the methods
used, STEM imaging, EELS, XPS, APT, and DFT calculations.

16



23M. Hashisaka, D. Kan, A. Masuno, M. Takano, Y. Shimakawa, T. Terashima, and K. Mibu,
“Epitaxial growth of ferromagnetic La;NiMnOg with ordered double-perovskite structure,”
Appl. Phys. Lett. 89, 032504 (2006).

2F . Fievet, P. Germi, F. de Bergevin, and M. Figlarz, “Lattice parameter, microstrains
and non-stoichiometry in NiO: Comparison between mosaic microcrystals and quasi-perfect
single microcrystals,” J. Appl. Crystallogr. 12, 387-394 (1979).

A, Devaraj, D. E. Perea, J. Liu, L. M. Gordon, T. J. Prosa, P. Parikh, D. R. Diercks,
S. Meher, R. P. Kolli, Y. S. Meng, and S. Thevuthasan, “Three-dimensional nanoscale
characterisation of materials by atom probe tomography,” International Materials Reviews
0, 1-34 (2017).

R, B. Comes, D. E. Perea, and S. R. Spurgeon, “Heterogeneous Two-Phase Pillars in
Epitaxial NiFe 2 O 4 -LaFeO 3 Nanocomposites,” Advanced Materials Interfaces 4, 1700396
(2017).

270. I. Lebedev, J. Verbeeck, G. Van Tendeloo, O. Shapoval, A. Belenchuk, V. Moshnyaga,
B. Damashcke, and K. Samwer, “Structural phase transitions and stress accommodation
in (Lag¢7Cag33sMnO3);_,:(MgO), composite films,” Phys. Rev. B 66, 104421 (2002).

28S. A. Chambers, L. Qiao, T. C. Droubay, T. C. Kaspar, B. W. Arey, and P. V. Sushko,
“Band Alignment, Built-In Potential, and the Absence of Conductivity at the LaCrO3 /
SrTiO3 (001) Heterojunction,” Phys. Rev. Lett. 107, 206802 (2011).

1. Qiao, T. C. Droubay, T. Varga, M. E. Bowden, V. Shutthanandan, Z. Zhu, T. C. Kaspar,
and S. A. Chambers, “Epitaxial growth, structure, and intermixing at the LaAlO3 / SrTiO;
interface as the film stoichiometry is varied,” Phys. Rev. B 83, 085408 (2011).

30S. A. Chambers, M. H. Engelhard, V. Shutthanandan, Z. Zhu, T. C. Droubay, L. Qiao,
P. V. Sushko, T. Feng, H. D. Lee, T. Gustafsson, E. Garfunkel, A. B. Shah, J. M. Zuo, and
Q. M. Ramasse, “Instability, intermixing and electronic structure at the epitaxial LaAlOs
/ SrTiO3(001) heterojunction,” Surf. Sci. Rep. 65, 317-352 (2010), arXiv:1006.1378.

31]. Lee and A. A. Demkov, “Charge origin and localization at the n-type SrTiOs / LaAlO;
interface,” Phys. Rev. B 78, 193104 (2008).

32p_ V. Sushko, K. M. Rosso, J.-G. Zhang, J. Liu, and M. L. Sushko, “Oxygen vacancies
and ordering of d-levels control voltage suppression in oxide cathodes: The case of spinel

LiNi 0.5 Mn 1.5 O 4- §,” Adv. Funct. Mater. 23, 5530-5535 (2013).

17



33E. Heifets, J. Ho, and B. Merinov, “Density functional simulation of the BaZrOs (011)
surface structure,” Phys. Rev. B 75, 155431 (2007).

34M. P. Singh, C. Grygiel, W. C. Sheets, P. Boullay, M. Hervieu, W. Prellier, B. Mer-
cey, C. Simon, and B. Raveau, “Absence of long-range NiMn ordering in ferromagnetic

La2NiMnO6 thin films,” Appl. Phys. Lett. 91, 012503 (2007), arXiv:0706.1414.

18



