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Controlling magnetism and transport at perovskite cobaltite interfaces
via strain-tuned oxygen vacancy ordering
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Complex oxides such as perovskite cobaltites exhibit rich phenomena at interfaces due to the complex inter-
play between their structural, defect, electronic, and magnetic degrees of freedom. We study this interplay here
in the ferromagnetic metallic cobaltite La,_,Sr,Co0O3_s, using specific substrates to vary both the heteroepitaxial
strain (compressive vs tensile) and growth orientation ((001) vs (110)). Transmission electron microscopy, elec-
tron energy-loss spectroscopy, high-resolution X-ray diffraction, magnetometry, polarized neutron reflectometry,
and electronic magnetotransport measurements are applied. Lattice mismatch and growth orientation are found
to enable the precise control of interfacial oxygen vacancy ordering in La; Sr,CoOs s, thus dictating strain
relaxation and oxygen vacancy depth profiles, in turn controlling thickness-dependent magnetic and electronic
properties. In particular, compressive strain and (110) orientations minimize deleterious magnetic/electronic
dead layer effects, leading to the optimization of interfacial magnetism and transport. Strain and orientation
tuning of oxygen vacancy ordering are thus established as powerful means to control physical properties at

cobaltite-based interfaces, relevant to several fields.

DOI: 10.1103/PhysRevMaterials.9.1.031402

Introduction. The properties of complex oxides such as
perovskites are extraordinarily rich due to the complex in-
terplay between their structural, electronic, and magnetic
degrees of freedom [1-6]. This richness is further enhanced
in perovskite oxide thin films, where surface effects, numer-
ous interface effects, and effects of dimensional confinement
emerge [1-6]. Perovskite cobaltites provide a classic ex-
ample, particularly the archetypal La; ,Sr,CoOs3s, which is
of interest in many contexts, including electronic and mag-
netic properties [7,8], thermal properties [9,10], photonics
[11], mixed ionic/electronic conduction [12], solid oxide
fuel cells [13,14], and catalysis [15]. In bulk, this sys-
tem evolves from the spin-state crossover insulator LaCoOj3
to the ferromagnetic (F) metal SrCoOs3; via a region of
electronic/magnetic phase separation [7,8,16-21]. Spin-state
polarons first form at low x in La; ,Sr,CoO3_s [16-18], fol-
lowed by nanoscopic hole-rich F clusters at x =~ 0.04 [7,8,18—
21], cluster percolation at x & 0.18 [7,8,21], and eventually
a uniform F metallic state at x > 0.22 [7,8,21]. Epitaxial

“Formerly at Materials Science and Engineering Division, Oak
Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA.
TContact author: leighton @umn.edu

2475-9953/2025/9(3)/L031402(10)

L031402-1

films of La;_,Sr,CoO3_s reveal further fascinating phenomena,
including strain-controlled spin-states at low x (LaCoOs is
F under tension, for example) [22-27], strain-tunable mag-
netocrystalline anisotropy (including perpendicular magnetic
anisotropy (PMA) under compression) [28,29], and a giant
form of anisotropic magnetoresistance (AMR) [30].

One particularly prominent feature of epitaxial
La; ,Sr,Co0O3s films is their tendency toward not only
oxygen vacancy (Vo) formation (particularly due to the
instability of Co*"), but also Vg order. Ordering of Vo
is well known in bulk cobaltites, particularly SrCoOs,
where it leads to a series of low-symmetry ordered phases
with § = 0.25, 0.33, 0.50, etc. [31-36]. These phases are
exemplified by orthorhombic brownmillerite SrCoO,s, in
which fully oxygenated octahedrally coordinated Co-O
planes alternate with oxygen-deficient tetrahedral Co-O
planes [31-36]. In films of La; ,Sr,CoOs3.5, however, local,
short-range Vo order emerges even at low § in the nominal
perovskite phase [23,27,28,30,37,38]. This Vo ordering is
commonly detected in transmission electron microscopy,
but not in X-ray diffraction, underscoring the short-range
nature of the order [23,27,28,30,37,38], on a length scale
that has been tracked vs x [28]. This short-range V¢ order is
also fundamentally linked to strain [38]. Specifically, films
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under tensile epitaxial strain tend to form Vg-ordered planes
perpendicular to the substrate/film interface, whereas films
under compressive strain form Vg ordered planes parallel to
the interface [27,28,30,38]. This provides a novel mechanism
of lattice mismatch accommodation in La;_,Sr,Co0Os;.5, the
expansion of interplanar spacing due to Vg order enabling
tensile films to expand their in-plane lattice parameters and
compressive films to expand out-of-plane lattice parameters
[27,28,30,38]. Heteroepitaxial strain thus directly controls the
Vo order in thin films of these materials [38].

This defect ordering significantly impacts electronic and
magnetic properties and plays a key role in the strain-
induced PMA [28,29] and giant AMR [30] exhibited by
La;,Sr,CoOss films. Magnetic/electronic dead layer ef-
fects [1-5,39-47] are also influenced by Vo order. In
SrTiO3(001)/La;.,Sr,Co0Os.5, for example, under tensile
strain, F order and metallicity were found to rapidly de-
crease below a relatively large, x-dependent critical thickness
t* (~7OA at x = 0.50) [47], eventually becoming entirely
suppressed below a dead layer thickness 73 (~10-15A at
x = 0.50). By detection of a characteristic intercluster magne-
toresistance (MR) effect, and directly by small-angle neutron
scattering, the property suppression below #* was shown to
be due to electronic/magnetic phase separation near the inter-
face with the SrTiO3(001), i.e., breaking up of the uniform
F state into nanoscopic F clusters within a non-F matrix
[47]. Scanning transmission electron microscopy with elec-
tron energy-loss spectroscopy (STEM-EELS) was used to link
the magnetic phase separation to depletion of the hole density
near the interface with SrTiO3(001), driven directly by Vo
accumulation related to the strain-induced Vg order [47]. In
SrTiO3(001)/La;_,Sr,Co0Os3_5, magnetic/electronic dead layer
effects are thus heavily chemically influenced, ultimately be-
ing dictated by strain-induced Vo formation and ordering.

The above situation creates a clear opportunity, which
is the focus of this Letter. Specifically, with the mag-
netic/electronic dead layer effects at La;_,Sr,CoQ3_s interfaces
known to be directly linked to Vo formation and order-
ing [47], and the Vo order known to be tunable via strain
[27,28,30,38], control of heteroepitaxial strain could provide
a means to fine-tune and mitigate dead layer effects. We inves-
tigate this hypothesis by studying primarily Lag 5Sry5C003.s
(LSCO) films grown on SrTiO3(001), SrTiO3(110), and
LaAlO3(001) substrates, covering both tensile and com-
pressive strain, and two growth orientations. STEM-EELS,
high-resolution X-ray diffraction, magnetometry, polarized
neutron reflectometry (PNR), and electronic transport and MR
measurements reveal that lattice mismatch and orientation
indeed control the Vo order, and thus oxygen depth profiles.
Magnetic and electronic properties are profoundly affected in
turn. In particular, compressive strain and (110) orientations
minimize interfacial electronic/magnetic phase separation in
LSCO, enabling mitigation of dead layer effects and opti-
mization of thin-film properties. Strain-tuned oxygen defect
ordering is thus established as a powerful means to control
physical properties at cobaltite-based interfaces, with impli-
cations across several fields.

Methods. A full description of methods used for deposi-
tion, characterization, measurement, and analysis is provided
in Supplemental Material Section A [48]. Briefly, the majority

of the x = 0.5 LSCO films were sputter-deposited at 700 °C
in 28 mTorr of O, and 42 mTorr of Ar, as in Refs. [38,47,49].
For comparison, a small number of films were deposited by
high-pressure-oxygen sputtering, at 600 °C in 1.3 Torr of pure
O,, as in Refs. [27,28,30]. As noted and discussed below,
for PNR measurements, x = 0.3 films were studied. High-
resolution x-ray diffraction, including specular diffraction,
rocking curves, and in-plane diffraction, was performed on
a Panalytical X’Pert Pro. STEM-EELS measurements were
carried out at 100 kV in a VG Microscopes HB501UX and
a Nion UltraSTEM100 equipped with Nion aberration cor-
rectors and Gatan Enfina EEL spectrometers; details are in
Supplemental Material Section A [48]. Magnetometry was
performed in a Quantum Design MPMS-XL, from 10-300 K,
in fields up to 70 kOe. A method described in Supplemental
Material Section A [48] was used to extract T¢ distributions
from such data. Magnetotransport measurements used Mg(5
nm)/Au(50 nm) contacts in a van der Pauw geometry, both
AC resistance bridge and DC methods, and a Janis cryostat
with a 1.5-K base temperature and 90-kOe magnet. PNR was
done at Los Alamos National Laboratory and at the Spalla-
tion Neutron Source at Oak Ridge National Laboratory. Data
were acquired at 5-10 K in a 10-kOe magnetic field in the
film plane; further details (including refinement methods) are
provided in Supplemental Material Sections A and B [48]. As
noted above, for PNR, the composition Lay 7Sty 3C005.s was
studied, i.e., x = 0.3 rather than x = 0.5. This was done to
facilitate the detection and quantification of dead layer effects,
which grow with decreasing x in La;_,Sr,CoOs3.5 [47].

Results and Analysis. As shown in Supplemental Mate-
rial Fig. S1 [48], specular and in-plane high-resolution x-ray
diffraction data confirm high-quality, phase-pure, smooth, epi-
taxial LSCO films on all substrates. This is confirmed by the
Z-contrast cross-sectional STEM images in Figs. 1(a)-1(c),
which additionally reveal clear signatures of Vg order. In
prior STEM/EELS work, the stripe features in such images
were definitively assigned to Vg order in the LSCO [47,50].
Of highest importance here, the Vg ordering indeed switches
from perpendicular to the interface under 1.8% tensile
mismatch on SrTiO3(001) [Fig. 1(a)], to parallel to the in-
terface under —1.2% compressive mismatch on LaAlO3(001)
[Fig. 1(c)] [28,30,38]. Consistent with brownmillerite-like
ordering [28-38], the Vp-ordered planes on SrTiO3(110)
then take diagonal orientations [Fig. 1(b)] [38]. Prior work
established that these Vo ordering orientations profoundly
impact thickness- and depth-dependent strain relaxation in
such LSCO films [38]. In particular, compressive strain on
LaAlO3(001), and the multi-domain diagonal Vp-ordering on
SrTiO3(110), were found to accelerate strain relaxation with
increasing thickness [38].

Figures 1(d)-1(f) shows that the mismatch-controlled Vg
ordering orientation also impacts the chemical composition in
the z direction (perpendicular to the substrate/film interface),
specifically the oxygen concentration. Note that STEM/EELS
quantifies oxygen concentration with good relative uncer-
tainty (the error bars on the plots) but much larger absolute
uncertainty (see figure caption), and so we interpret only
relative variations. The prominent feature in Fig. 1(d) is
the pronounced fall-off in oxygen content in the LSCO on
approaching the interface (z = 0) with SrTiO3(001), under
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FIG. 1. (a)—(c) Atomic-resolution Z-contrast STEM images of 350 to 450-A-thick LSCO films on SrTiO;(001), SrTiOs(110) ([001]
pseudocubic zone axis), and LaAlO;(001) substrates. The yellow lines highlight the local Vo ordering orientations. (d)—(f) Corresponding z
profiles [see (a) for the definition of z = 0 (the substrate/film interface)] of the O content in the LSCO from EELS data. (g)—(i) Corresponding
z profiles of x. (left axis, from the calibration of Torija er al. [47]) and the EELS hole peak intensity (right axis). The error bars in (d)—(i) are
relative errors; the absolute error is ~5 at.% on O content and ~0.1 on x.. Data in (a), (d), (g) adapted from Ref. [47].

tensile strain, as mentioned above [45]. Remarkably, this
undesirable oxygen depth profile is alleviated not only un-
der compressive strain [Fig. 1(f)], but also on the same
SrTiO3 substrates but in the (110) [Fig. 1(e)] orientation.
Figures 1(g)-1(i) then shows corresponding depth profiles of
the normalized EELS intensity at the ~527-eV pre-peak to the
O K edge, which is known to reflect the hole doping density
in LSCO [47], in addition to the Co ions spin state [SO]. The
right axes in Figs. 1(g)—1(i) show this intensity, while the left
axes show the conversion to effective doping, xs, using the
calibration of Torija et al. [47]. Consistent with the oxygen
depth profiles in Figs. 1(d)-1(f), the hole depth profiles in
Figs. 1(g)-1(i) show the hole depletion at the LSCO/substrate
interface discussed above [47] only in the SrTiO3(001) case
[Fig. 1(g)], replaced by remarkably uniform hole depth pro-
files on SrTiO3(110) [Fig. 1(h)] and LaAlO5(001) [Fig. 1()].
The lattice mismatch and growth orientation thus precisely
control not only the V¢ order orientation in LSCO films, but
also the depth profiles of the oxygen content and x.s, further
underscoring the deep connections between Vg formation, Vo
order, and strain in this system [38]. We emphasize that all
Lag 5Sry5C003.5 films here are oxygen-deficient to some de-
gree, but Figs. 1(d)-1(f) shows that on SrTiO3(001) additional
Vo accumulate near the interface, but not on SrTiO3(110)

or LaAlO3(001). This is very likely related to the trends in
strain relaxation discussed in Ref. [38], particularly the more
efficient strain relaxation in the (110) orientation, where V-
ordered planes form at ~45° to the interface [Fig. 1(b)].

With very different oxygen and hole doping depth profiles
established on SrTiO3(001), SrTiO3(110), and LaAlO3(001),
magnetic properties of these LSCO films are detailed in
Fig. 2. Figures 2(a)-2(c) are magnetization (M) vs tem-
perature (7) curves at multiple thickness (¢), all measured
(and cooled) in an in-plane applied magnetic field (H) of 1
kOe. On SrTiO3(001) [Fig. 2(a)], the thick-film behavior is
as expected, the Curie temperature (7¢) being ~225 K and
the magnetization in this (non-saturating) field reaching well
over 1 ug/Co, comparable to bulk [7,8]. As ¢ is decreased,
however, both 7c and M (T — 0) are reduced, first moderately
down to ~70 A [~18 unit cells (u.c.)] then rapidly below
this. By t = 30A (~8 u.c.), barely any signature of F order
remains, consistent with Torija et al. [47], pointing to sub-
stantial #*. On the same substrate (SrTiO3) but simply in a
different orientation ((110)), Fig. 2(b) reveals that dead layer
effects are clearly reduced. The drops in 7¢ and M(T — 0)
are more gradual, resulting in retention of substantial M and
a significant T¢ (~ 150 K) even at r = 30A (~ 8 u.c.). On
LaAlO3(001) [Fig. 2(c)], the situation is complicated by the
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FIG. 2. (a)-(c) M(T) at various t for LSCO films on (a)
SrTiO5(001), (b) SrTiO5(110), and (c) LaAlO3(001). Data were
taken after field cooling and measuring in 1 kOe. (d) Tc(r) for LSCO
films on SrTiO3(001), SrTiO5(110), and LaAlO3(001); dotted lines
are guides to the eye. Inset: Corresponding AT?/T¢ vs t from the
analysis described in the text; the error bars correspond to uncertain-
ties from the regression analysis described in Supplemental Material
Section A [48]. Red data in the main panel of (d) adapted from
Ref. [47].

tendency toward PMA [28], which results in lower M for
in-plane measurements. Nevertheless, the suppression of F
order with decreasing ¢ is clearly more similar to SrTiO3(110)
than SrTiO3(001), resulting in preservation of strong F order
with Tc as high as ~175 K at t = 30A (~8 u.c.). The full
Tc(t) from a larger set of measurements is shown in Fig. 2(d),
revealing consistency with both Figs. 2(a)-2(c) and 1. On all
three substrates, the T¢ suppression is gradual down to some
thickness, below which T¢ drops quickly. The T¢(7) curves are
distinctly shifted, however (note the very low ¢ behavior in
particular), with the SrTiO3(001) case indicating the highest
t4, followed by SrTiOs3(110), then LaAlO3(001). Consistent
with the oxygen/hole profiling in Fig. 1, tensile strain thus
results in the highest #* and zg in LSCO, but this can be
mitigated in the (110) vs (001) orientation, while compressive
strain minimizes dead layer effects.

Further insight was obtained from quantitative analysis
of M(T). As described in Supplemental Material Section
A [48], the method of Campillo et al. [51] and Berger
et al. [52] was used to extract the width of the intrinsic
Tc distribution (ATCO) of these LSCO films. This is shown
in the inset to Fig. 2(d) as a function of #, normalized to
Tc, on all three substrates. For LSCO on LaAlO3(001) and
SrTiO3(110), ATCO/TC is seen to be relatively low, below
~7.5% in almost all cases. On SrTiO3(001), however, even in
the thick-film limit, AT?/T¢ exceeds 10%, rising sharply to
>20% below ~100 A (~26 u.c.). Consistent with the overall
picture of much larger * in SrTiO3(001)/LSCO films due to
an extended region of interfacial magnetic phase separation
[47], this suggests substantial magnetic inhomogeneity, likely
depth-wise, which we now probe via PNR.

Figures 3(a)-3(c) shows neutron reflectivity (R) vs wave
vector transfer (g) in the ++ and —— channels, from 400
to 450-A-thick Lag 7Srg3C005.5 films on all three substrates,
the insets showing the respective spin asymmetry, (Rt —
R™7)/(R™ + R 7). (The plus/minus signs here denote neu-
trons with spin parallel/antiparallel to the applied field, before
and after reflection; the two channels measured are therefore
non-neutron-spin-flip (see Supplemental Material Section A
for details [48])). In these T =5 — 10 K, H = 10 kOe data,
thickness fringes are observed in all cases, along with clear
splittings between R**(g) and R~ (gq), but with quantitatively
different g dependencies. This is seen most clearly in the
insets to Figs. 3(a)-3(c), where the dampening of the spin
asymmetry oscillations with increasing ¢ is quite different on
SrTiO3(001) compared to SrTiO3(110) and LaAlO3(001).

Shown in Figs. 3(d)-3(f) are z profiles of the nuclear scat-
tering length density (SLD) on the left axes and magnetic
SLD on the right axes, as extracted from PNR refinements
described in detail in Supplemental Material Section A,
Fig. S2, and Table S1 [48]. Briefly, GenX [53] refinements
[solid lines in Figs. 3(a)-3(c)] were performed by break-
ing the LSCO into multiple layers with distinct nuclear and
magnetic SLDs and roughnesses. In the SrTiO3(001)/LSCO
case, four layers were necessary to satisfactorily refine the
data, capturing suppressed nuclear and magnetic SLD at both
the surface and interface (see Table S1 and Fig. S2 [48]).
This is shown in Fig. 3(d), where the most striking fea-
tures are the modest (~15%) suppression of nuclear SLD
on approaching the film/substrate interface, accompanied by
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FIG. 3. (a)—(c) 5-10-K non-neutron-spin-flip (++ and ——) polarized neutron reflectivity vs g for 400 to 450-A-thick Lag7Sry3C005.;
films on (a) SrTiO5;(001), (b) SrTiO3(110), and (c) LaAlO3(001) substrates; both data (where the error bars are standard deviations) and fits
are shown. All data were taken in an in-plane applied magnetic field of 10 kOe, after cooling in the same field. Insets: Corresponding spin
asymmetry vs g. (d)—(f) Corresponding extracted z profiles of the nuclear (dashed line, left axes) and magnetic (solid line, right axes) SLD;
both the left and right axes are SLDs, in the same units. The gray bands here mark the regions with suppressed magnetization, in accord with
panel (g)—(i) and S2, and Table S1. (g)—(i) Corresponding grayscale schematics of the magnetization depth profile [scale shown in (g)]. For the
LaAlOj; case only (see Supplemental Material Section A [48]), R* and R~ were measured, with no polarization analysis.

strong (~70%) suppression of the magnetic SLD. As the
nuclear SLD of La; ,Sr,CoOs3 s decreases with increasing
8 [54], we interpret the nuclear SLD suppression in terms
of a reduction in oxygen concentration on approaching the
SrTiO3(001) interface, consistent with the STEM-EELS in
Fig. 1(d). The accompanying strong suppression of the mag-
netic SLD then reflects the substantial t* on this substrate,
consistent with Figs. 2(a) and 2(d). The interfacial region with
suppressed magnetic SLD [gray band in Fig. 3(d)] in fact
spans ~180 A in this SrTiO3(001)/Lag 7Sr9.3C003.5 case, in
very good agreement with the t* deduced by Torija et al.
at this x [47], which is just over two times the equivalent
at x = 0.50. Also consistent with Figs. 1 and 2, Figs. 3(e)
and 3(f) shows that this interfacial region with suppressed
magnetic SLD shrinks dramatically on both SrTiO3(110) and
LaAlO5(001), to only 30 — 40 A (8-10 u.c.), even at x = 0.3.
Figures 3(g)-3(i) summarize the key findings from PNR, con-
verting the magnetic SLD to magnetization and depicting the
depth profiles pictorially. The suppressed-magnetization inter-
facial region shrinks strikingly from the SrTiO3(001) case to
the SrTiO3(110) and LaAlO3(001) cases, confirming that the

suppressed magnetism with decreasing ¢ in Figs. 2(a)-2(d)
reflects magnetic dead layer effects, consistent with the inset
to Fig. 2(d). Note that the lower magnetization in the inte-
rior of the LaAlO3(001)/Lag7Srp3C005.s film is simply due
to compression-induced PMA [28,29], which is not entirely
overcome in this 10-kOe in-plane field.

Dead layer effects of course also manifest in electronic
transport. This is considered in Fig. 4, which shows resis-
tivity (p) vs T for LSCO films on SrTiO3(001) (top panels),
SrTiO3(110) (middle panels), and LaAlO3(001) (bottom pan-
els), at various illustrative ¢ (from 130A on the left to
30A on the right). Considering SrTiO3(001)/LSCO first,
Fig. 4(a) shows the expected behavior in the relatively thick-
film (130-A) limit, i.e., metallic transport with dp/dT >
0 both above and below Tc (~ 200 K from the inflec-
tion point, in agreement with Fig. 2(d)) [7,8,28,30,47,49].
The 300-K and residual resistivities are 0.47 and 0.16
mQcm, respectively, comparable to other reports of high-
quality LSCO films [28,30,47,49]. Decreasing ¢ just to 60 A
(~ 16 u.c.), however, increases p(300 K) to 0.61 mS2cm;
p(T) still reflects Tc at this thickness but with an overall
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FIG. 4. p(T) for LSCO films with = 130 A, 55 — 60 A, 45 A, and 30 A (from left to right) on SrTiO3(001) [top, (a)—(d)], SrTiO5(110)
[middle, (e)—(h)], and LaAlO;(001) [bottom, (i)—(1)] substrates. Data on SrTiO3(110) are averaged between the [001] and [—110] in-plane
directions, which showed minor anisotropy. In (i), (1), the dashed lines show equivalent data from high-pressure-oxygen-sputtered films.

barely metallic form. Decreasing  further to 45A (~12
u.c.) results in insulating po(7), becoming strongly insu-
lating by 30A (~8 u.c.). Figures 4(a)-4(d) thus show
strong degradation of transport properties below * &~ 60-70 A
(~18 u.c.) in LSCO on SrTiO3(001) [47], consistent with the
magnetism suppression in Figs. 2(a) and 2(d).

Distinctly different behavior occurs on SrTiO3(110),
where Figs. 4(e)-4(h) reveals predominantly metalliclike be-
havior (dp/dT > 0) down to 45A (~12 u.c.), followed by
only weakly insulating behavior at 30 A (~8 u.c.). Again
consistent with magnetic trends, suppression of metallicity
thus does not occur in the SrTiO3(110)/LSCO case until
below ~10 u.c. Under mild compressive strain on the other
hand, on LaAlO3(001), Figs. 4(1)—4(1) reveals preservation of
metallicity down to even 30 A thickness, with only a small
low-T upturn in p(7), indicating an electronic dead layer
well below 8 unit cells. While the vast majority of LSCO
films studied in this work were deposited by conventional
reactive sputtering at moderate oxygen pressure (28 mTorr)
[38,47,49], Figs. 4(i) and 4(1) also shows some results from
high-pressure-oxygen sputtering (at ~1.3 Torr) [27,28,30,54].
This deposition technique generates some of the lowest resid-
ual resistivities reported for LSCO [30], reaching 0.07 m$2 cm
at 130 A and 0.10 mQcm even in the very thin-film limit at
30 A (~8 u.c). (Such films also have slightly improved mag-

netic properties, including 7Tc &~ 195 K at ¢ = 30A (compare
to Fig. 2(c))). Clearly, the trends in magnetism in Figs. 2 and 3
are also reflected in the transport data in Fig. 4, the very high
sensitivity of the resistivity to dead layer effects [1-5,39—47]
even distinguishing the behavior on SrTiO3(110) and
LaAlO5(001), the latter generating the lowest t* and #4. As a
final comment on Fig. 4, we note that on some substrates [e.g.,
LaAlO3(001)] a slightly nonmonotonic thickness dependence
arises, where the resistivity marginally increases at the highest
thicknesses [compare Figs. 4(i) and 4(j), for example]. This
is very likely related to strain relaxation (and accompanying
surface roughening), as high-pressure-sputtered films, which
exhibit larger critical thickness for strain relaxation, exhibit no
such nonmonotonicity [30].

As alluded to in the introduction, in SrTiO3(001)/LSCO,
MR measurements played a key role in the deduction that
electronic/magnetic phase separation underpins the prominent
dead layer effects [47]. Figure 5 thus shows low-T (10-K)
MR(H) data for LSCO films at an illustrative thickness of 60 A
on (a) SrTiO53(001), (b) SrTiO3(110), and (c) LaAlO3(001).
As illustrated in the schematics in (d)—(f), these data were
taken in in-plane H, both parallel [top panels in (a)—(c)] and
perpendicular [bottom panels in (a)—(c)] to the current (/).
The SrTiO3(001)/LSCO case [Fig. 5(a)] is as reported by
Torija et al. [47], displaying negative MR that is hysteretic
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FIG. 5. (a)~(c) 10-K MR(H) for 60-A-thick LSCO films on (a) SrTiOs(001), (b) SrTiO;(110), and (c) LaAlO;(001) substrates. H is in
the film plane and data are shown for in-plane / both parallel (top) and perpendicular (bottom) to H [see the schematics in (d)—(f)]. (d)—(f)
Corresponding schematics where dark regions are ferromagnetic and metallic and lighter regions are non-ferromagnetic and insulating; gold
squares are contacts. MR is defined as [p(H) — p(H.)]/p(H.), where H. is the coercive field.

in nature (peaking at the coercive fields) and almost entirely
isotropic. These are the classic signatures of the interclus-
ter MR originally discovered in magnetically phase-separated
low-x bulk La;_,Sr,Co0Q3_5 single crystals [18,21], then later in
SrTiO3(001)/Lag 5Srg 5C003.5 films with ¢ < ¢* [47,49]. This
implicates the scenario depicted schematically in Fig. 5(d),
where nonpercolated metallic F clusters exist within a non-F
insulating matrix (because 7 < t*), resulting in intercluster
MR [Fig. 5(a)] and insulating transport [Figs. 4(b)—4(d)]
[47,55].

The situation is very different on LaAlO3(001), as shown
in Fig. 5(c). In this case, the near-isotropic, hysteretic, neg-
ative MR of Fig. 5(a) is replaced by an MR that is only
weakly hysteretic (again due to the PMA, which results in
maximum coercive field for H perpendicular to the substrate
[28,29]), also inverting in sign from positive for H parallel to /
to negative for H perpendicular to /. This is the giant AMR
effect previously reported in LSCO films [30], completely
consistent with the metallic transport seen in Figs. 4(G)—4(1).
The situation in Fig. 5(f) is thus implicated, where the elec-
tronically/magnetically phase-separated interfacial layer on
this substrate is substantially thinner than the film thick-
ness (60 A), resulting in an “overlayer” with long-range F
order and metallicity. The behavior in SrTiO3(110)/LSCO
in Fig. 5(b) is intermediate between that in Figs. 5(a) and
5(c). Specifically, the MR with H perpendicular to / remains
negative and hysteretic, while the data with H parallel to [/
show a positive low-field effect (AMR) competing with a
negative high-field effect (intercluster MR), balancing to close
to zero at 9 T [49]. This competition suggests the situation

in Fig. 5(e), where this thickness (60 A) is close to, but
just above t* on this substrate, leading to barely percolated
transport. These conclusions are reinforced by Fig. S3 in Sup-
plemental Material [48], which shows analogous MR data at
a lower ¢ of 35—40 A (~9-10 u.c.) on both SrTiO3(110) and
LaAlO3(001). In the LaAlO3(001)/LSCO case, pure AMR
persists, consistent with the metallic transport in Fig. 4(1). On
SrTiO3(110), on the other hand, the AMR and intercluster
MR effects again compete, this time with a stronger inter-
cluster MR component, consistent with the crossover toward
weakly insulating transport in Figs. 4(g) and 4(h). In the
ultrathin limit, LaAlO3(001)/LSCO films thus outperform
SrTiO3(110)/LSCO (i.e., they have lower ¢* and z3), both hav-
ing greatly enhanced electronic/magnetic properties relative to
SrTiO3(001)/LSCO.

Discussion and Summary. Together, the data of
Figs. 2-5 provide a consistent picture of the thickness-
dependent electronic and magnetic properties of LSCO
films, as a function of heteroepitaxial strain and growth
orientation. On SrTiO3(001), strong suppression of F order
and metallicity occurs below a t* =~ 70 A (18 u.c.), due
to an inhomogeneous, electronically and magnetically
phase-separated, interfacial layer. These deleterious effects
are significantly mitigated on SrTiO3(110), which transitions
to insulating transport only at 30 A (8 u.c.) thickness. This
mitigation is yet more effective under mild compressive
strain on LaAlO3(001), where 8-unit-cell-thick films exhibit
metallic transport with ~0.2 m2 cm residual resistivity and
F order with Tz &~ 175 K. Dead layer effects resulting from
interfacial electronic/magnetic phase separation are thus
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highly sensitive to both the sign of the heteroepitaxial strain
and the growth orientation in LSCO. STEM-EELS and PNR
chemical/magnetic depth profiling data provide essential
context for these findings, establishing that epitaxial strain
and orientation not only precisely control the Vo order in
LSCO films, but also the depth profile of the interconnected
Vo density and strain [38], which in turn control electronic
and magnetic properties. These results provide important
insight into the interplay between lattice mismatch,
strain, defect ordering, and electronic/magnetic behavior
in LSCO films, enabling optimization of properties even in
the ultrathin-film limit. Given the interest in LSCO films
in contexts as diverse as electronic, magnetic, and thermal
properties [9,10,22-30,37,38,47,49,50,54,55], photonics [11],
mixed ionic/electronic conduction [12], solid oxide fuel cells
[13,14], and catalysis [15], this is of broad relevance.
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