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Tensile-strained LaCoO3-δ thin films are ferromagnetic, in sharp contrast to the zero-spin bulk, although no
clear consensus has emerged as to the origin of this phenomenon. While magnetism has been heavily studied,
relatively little attention has been paid to electronic transport, due to the insulating nature of the strain-stabilized
ferromagnetic state. Here, structure, magnetism, and transport are studied in epitaxial LaCoO3-δ films (10–22-nm
thick) on various substrates (from 1.4% compressive to 2.5% tensile strain), using synchrotron x-ray diffraction,
scanning probe and transmission electron microscopy, magnetometry, polarized neutron reflectometry, resistivity,
and Hall effect. High quality, smooth films are obtained, exhibiting superstructures associated with both oxygen
vacancy ordering and periodic in-plane ferroelastic domains. Consistent with prior work, ferromagnetism with an
approximately 80–85 K Curie temperature is observed under tension; polarized neutron reflectometry confirms
a relatively uniform magnetization depth profile, albeit with interfacial dead layer formation. Electrical transport
is found to have similar semiconducting nature to bulk, but with reduced resistivity and activation energy. Hall
effect measurements, however, reveal a striking inversion of the majority carrier type, from p-type in the bulk
and under compression to n-type under tension. While thus far overlooked, ferromagnetism in epitaxial LaCoO3-δ

films is thus directly correlated with n-type behavior, providing important insight into the ferromagnetic state
in this system. Aided by density functional theory calculations, these results are interpreted in terms of tensile-
strain-induced orbital occupation and band structure changes, including a rapid decrease in effective mass at the
eg-derived conduction band minimum, and corresponding increase at the valence band maximum.
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I. INTRODUCTION

Complex transition metal oxides such as perovskites ex-
hibit a delicate interplay among structural, orbital, charge,
and spin degrees of freedom, often in the presence of strong
electronic correlations and/or spin-orbit coupling [1–4]. The
varied electronic and magnetic ground states of these ma-
terials can thus be highly susceptible to perturbations, het-
eroepitaxial strain being a prime example. Growth of fully
strained (i.e., pseudomorphic) perovskite films on substrates
with tensile or compressive lattice mismatch of up to several
percent has yielded many advances [1–4], including strain sta-
bilization of ferroelectricity in quantum paraelectric SrTiO3

[5,6], multiferroicity in strained EuTiO3 [7], and the many
examples of strain-tuned magnetism in manganite-based films
and heterostructures [8].

The 2007 discovery of ferromagnetism (FM) in tensile-
strained films of LaCoO3-δ (LCO) provided a particularly
intriguing example of a strain-induced ground state radically
different from bulk [9]. Due to the slight dominance of the

*Corresponding author: leighton@umn.edu

crystal field splitting (�CF) over the Hund exchange energy
(Hex), Co3+ ions in bulk rhombohedral (R3̄c [10,11]) LCO
adopt a zero-spin ground state [the t2g

6eg
0, S = 0, low spin

(LS) state], resulting in diamagnetism [10–27], in stark con-
trast to FM in tensile-strained films. Warming bulk LCO to
as little as 30 K populates nonzero spin states, simplisti-
cally labeled intermediate spin (IS, t2g

5eg
1) or high spin (HS,

t2g
4eg

2) [10–27]. This 30–80 K thermally excited spin-state
transition, or spin crossover, has been extensively studied in
LCO, both experimentally [10–13,15–20,23–25], and theo-
retically [14,21,22,26,27], although the exact nature of the
excited spin state remains controversial. This is likely in part
due to the inappropriateness of description via atomic states
such as LS, IS, and HS (given the substantial Co eg–O 2p
hybridization) [26], as well as the need to account for spin-
orbit coupling [21,22]. At higher temperature (T ), around
500 K, a broad insulator-metal transition occurs in bulk LCO,
accompanied by a second change in spin state [15–18,20]. The
nature of this transition is also not clear, although melting of
orbital order [16] and a Mott insulator to metal transition are
possible [18].

While the spin-state transition/crossover of Co3+ ions in
bulk LCO is well established, reports of weak FM phenomena
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at low T, in the nominally S = 0 (LS) diamagnetic ground
state, are nevertheless common [28–34]. Defect-driven mag-
netism is thought to occur, including surface FM [29], weak
FM associated with magnetic excitons/spin-state polarons
forming around oxygen vacancies (VO) [28,30,31,33] and
enhanced magnetism in fine particles [34]. Perhaps unsur-
prisingly given the delicate balance between �CF, Hex, and
Co eg–O 2p hybridization, the spin state and magnetic order
in LCO are thus extremely sensitive to perturbations such as
surfaces and interfaces [29,34], line defects [32], point defects
[28,30,31,33] and strain [9]. LCO has therefore emerged as
an important system in which to study the interplay among
magnetism, structure, disorder, defects, etc., epitaxial films
being of particular interest.

Many publications since 2007 have documented the physi-
cal properties of strained epitaxial LCO, seeking to understand
the FM ground state. While magnetism has been detected
under both tensile and compressive heteroepitaxial strain,
tensile strain strongly favors FM [35,36], polycrystalline films
being non-FM [9]. Typical Curie temperatures, saturation
magnetizations, and low T coercivities reach TC ≈ 80–95 K,
Ms ≈ 0.5–1.0 μB/Co, and Hc ≈ 5 kOe (4×105Am−1) under
1–2% tensile strain [9,32,35–49]. It should be noted, however,
that nonsaturation of the magnetization is sometimes apparent
[9,36,47,49] and that Ms up to ∼2 μB/Co has been reported
[36,47,49]. Magnetic force microscopy confirms long-range
FM under tension, while only short-range FM is seen under
compression [38]. As expected from the observation of FM,
suppression of the transition to the LS state at low T has been
reported based on x-ray absorption spectroscopy (XAS) [50].
The IS state, HS state, and various ordered and disordered
combinations have in fact been claimed in tensile-strained
LCO films, from XAS [36,50,51], near-edge x-ray absorption
fine-structure (NEXAFS) [39,50,51], x-ray absorption near-
edge spectroscopy (XANES) [39], x-ray magnetic circular
dichroism [36,47,49,51], x-ray magnetic linear dichroism
[47,49], extended x-ray absorption fine structure (EXAFS)
[39], resonant inelastic soft x-ray scattering [46], and scanning
transmission electron microscopy/electron energy loss spec-
troscopy (STEM/EELS) [32,36]. Such spectroscopies provide
strong evidence for orbital occupancy redistributions consis-
tent with strain-induced nonzero spin states [36,39,46,47,50],
although XAS data have also been interpreted in terms of
doping due to nonstoichiometry [37].

In terms of structure, probes such as laboratory x-ray
diffraction (XRD), TEM, STEM/EELS, and synchrotron x-
ray diffraction (SXRD) have revealed a wealth of observa-
tions, across multiple scales. Thickness (t )-dependent XRD
studies highlighted the importance of tetragonal distortions in
tensile-strained LCO films, the bulklike rhombohedral distor-
tions at high t leading to reduced Ms [52]. Related to this,
an intriguing periodic in-plane domain structure has been
observed (via TEM and XRD rocking curves) in LCO films
on cubic substrates such as (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7

(LSAT), with a 1.5% tensile pseudocubic lattice mismatch
[52]. Similar phenomena occur in some manganite films [53],
the understanding being that at sufficient thickness a periodic
in-plane twin domain structure develops, due to the lower
symmetry of the film relative to the substrate, i.e., ferroelas-
ticity. Even below 200 Å, LSAT(001)/LCO films present an

in-plane modulation with approximately 100 Å periodicity,
thought to be a precursor to the full ferroeleastic twin domain
state. At a shorter length scale, cross-sectional STEM studies
since 2012 have evidenced local lattice modulations in the
form of atomic-scale stripe patterns. These patterns were
originally interpreted as a lattice and spin-state superstructure
[40], although similar stripes were observed in Sr-doped LCO
where they were definitively assigned to VO order [54–56].
In the Sr-doped LCO case the VO order has been established
as the primary lattice mismatch accommodation mechanism
in heteroepitaxial films, the VO order orientation (e.g., in-
plane vs perpendicular stripes) being controllable via lattice
mismatch [55]. Later STEM work on LCO directly observed
O content modulation via EELS, confirming VO order as the
origin of the stripes in LCO as well [32]. Strong correlations
between the extent of VO order and FM were then found
in LCO films [36]. Simultaneous with this, resonant SXRD
studies uncovered yet another structural modulation in tensile
LCO films [41,44]. Fujioka et al. detected a clear structural
change below 126 K in films on LSAT, corresponding to
quadrupling of the unit cell [41]. This was interpreted in
terms of an IS/HS spin-orbital superstructure, leading to
ferrimagnetism. Later work established strain dependence to
both the transition temperature and modulation vector [44].
Depth-resolved studies of structure and magnetism have also
been performed on LCO films, using grazing-incidence x-
ray reflectivity (GIXR) and polarized neutron reflectome-
try (PNR) [48]. The primary findings include an interfacial
tetragonally-distorted phase sandwiching a lower symmetry
monoclinic phase, with related variations in Ms [48]. Aside
from this, the magnetization was found to be relatively uni-
form with depth, confirming bulk FM.

Based on these findings, multiple explanations have been
advanced for the FM in tensile-strained LCO. Strain stabiliza-
tion of nonzero spin states appears well established, although,
much like bulk LCO at high T, the nature of the nonzero
spin states is less clear. That tensile strain, expanded Co–O
bonds, and closer to 180° Co–O bond angles should increase
the eg-derived bandwidth and lower �CF, thus favoring higher
eg occupation and nonzero spin states, has been pointed out
since the earliest work [9]. Such factors are directly linked
to suppression of bulklike rhombohedral distortions and sta-
bilization of strain-induced tetragonal ones [52]. On the basis
of XAFS and XANES, Sterbinsky et al. in fact claimed that
such distortions are more important than changes in Co-O
bond lengths and hybridization [39]. Later work establish-
ing the various superstructures discussed above led to more
nuanced proposals for the nonzero spin states, focusing on
spin-state superstructures. Resonant SXRD results have been
interpreted in terms of both an ordered HS/LS checkerboard
[45] and an HS/IS spin-orbital superstructure [41,44]. With
the assistance of density functional theory (DFT) calculations,
the STEM/EELS results on VO ordering were similarly in-
terpreted in terms of Co3+/Co2+ spin-state superstructures,
including an HS/LS checkerboard [32], and more complex
possibilities [43]. One advantage of such spin-state super-
structures is that they are consistent with the fairly low, and
variable, Ms. In terms of spin coupling, superexchange among
the various species in these spin-state superstructures has been
emphasized [57], along with increased eg population [39,51],
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which may favor FM, as in doped LCO (e.g., La1−xSrxCoO3

[58]).
DFT first-principles electronic structure calculations have

also been applied to tensile-strained LCO [32,57,59–61].
Early work by Rondinelli and Spaldin [59] and Gupta and
Mahadevan [60] pointed out that FM due to IS Co3+ is readily
stabilized under tension, modification of the Co-O octahedral
symmetry playing a key role [59]. Later work considered spin-
state superstructures [61], the superexchange-coupled HS/LS
ordered state, which was claimed to be the lowest energy
configuration, featuring prominently [32,57,61]. This state
was also found to be insulating [57,61], as was the Co3+/Co2+
spin-state superstructure deduced from STEM/EELS and DFT
[32]. This is significant, as calculations on the pure IS state
predict metallicity [59], at odds with experiment [37,42,62].
To summarize, while uncertainty remains with respect to
the nature of the tensile-strain-induced nonzero spin states,
there is agreement, both experimentally and theoretically, that
redistribution of Co orbital population occurs under tension in
LCO, favoring FM.

A notable feature of the FM state in tensile-strained epi-
taxial LCO films is its nonmetallic character. Thin film LCO
is in fact sufficiently resistive that few studies have included
electronic transport measurements, those that do probing only
a modest T range. In 2008 Freeleand et al. reported 300 K
resistivity (ρ) of 10–100 �cm on SrTiO3 (STO) and LaAlO3

(LAO) substrates, with strongly insulating behavior down to
approximately 100 K [37]. Rivadulla et al. reported similar
findings in LCO on STO, along with negative magnetoresis-
tance just below TC [42]. In 2016, Liu et al. then reported
1–100 �cm 300 K resistivities, again measurable only to
about 100 K [62]. Particularly in light of the very different
magnetism, these transport properties are remarkably sim-
ilar to bulk. The 300 K ρ of bulk LCO varies somewhat
(likely due to doping from unintentional nonstoichiometry
and impurities), but the transport is clearly insulating below
the 500 K metal-insulator transition [15–18,20]. This is con-
sistent with the semiconducting character of bulk LCO from
optical measurements [15,18] and DFT [14,26,27], although
uncertainty remains over the true band gap [15,18]. Regarding
conduction mechanisms, the lowest T transport study avail-
able (English et al. [20]) reported a change in activation
energy of the bulk resistivity of LCO below 80 K (from
150 to 40 meV), coincident with the spin-state transition.
Magnetotransport measurements revealed an accompanying
crossover from anisotropic positive magnetoresistance due to
hopping at low T, to isotropic negative magnetoresistance
associated with thermally excited spin disorder at higher T,
directly reflecting the spin-state transition [20]. In terms of
the Hall effect, nominally undoped single crystal LCO is
reported to exhibit holelike (p-type) transport, with deduced
mobility of 0.03 cm2 V−1 s−1 at 340 K [18]. Significantly, it is
not known how such magnetotransport properties translate to
films, how they respond to strain, or how they correlate with
FM. Although high ρ hampers measurements, particularly
over wide T ranges, much could thus be learned from more
detailed transport studies on high quality LCO films.

Motivated by the above, here we report a systematic study
of not only magnetism but also electronic transport in LCO
films grown on STO, LSAT, LAO, and SrLaAlO4 (SLAO)

substrates, generating lattice mismatches from +2.49% (ten-
sile) to −1.42% (compressive). Films with t = 100–220 Å
grow nominally fully strained to the substrates, SXRD ev-
idencing single-phase epitaxy and the previously observed
periodic in-plane superstructure. GIXR and atomic force mi-
croscopy (AFM) indicate low (unit-cell-level) surface rough-
ness, while STEM reveals strain-induced VO order. As ex-
pected, tensile strain results in FM with TC of approximately
80–85 K, PNR confirming relatively uniform magnetization
depth profiles, albeit with interfacial dead layers. In terms of
transport, ρ(T ) is found relatively similar to bulk, but with
reduced resistivities and activation energies. Hall measure-
ments, however, reveal a clear sign reversal of the ordinary
Hall coefficient in tensile-strained films. Both the magnitude
of the carrier mobility and the form of ρ(T ) rule out factors
such as variable-range hopping conduction, confirming inver-
sion of the majority carrier type, from p-type in the bulk and
under compression, to n-type under tension. While this has
thus far escaped attention, the FM in tensile-strained LCO
films is therefore directly correlated with n-type transport.
Complementary DFT reveals that the electron effective mass
at the conduction band minimum decreases by a factor of
about 4 from compression to tension, while the hole effective
mass at the valence band maximum rises by a factor of about
2. The ratio of electron to hole masses thus drops by almost
an order of magnitude under tensile strain, providing, along
with strain-induced changes in orbital population, a viable
explanation for the observed n-type conduction.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

LCO films with 100 Å < t < 220 Å were grown by high
pressure oxygen sputter deposition using methods similar to
Sr-doped LCO [63]. Immediately prior to growth, commercial
substrates were annealed at 900 ◦C in 1 Torr (130 Pa) of
flowing O2 for 15 mins. Substrates were then cooled to 700 °C
for growth in 1.5 Torr (200 Pa) of ultra-high-purity O2, at
64 W of DC sputter power, from a 5-cm diameter nominally
stoichiometric LCO ceramic target synthesized by solid-state
reaction. This results in deposition rates around 10 Å/min.
After growth, films were cooled at approximately 15 °C/min
in 600 Torr (8×104 Pa) of O2. Bulk LCO has a 300 K
pseudocubic lattice constant (apc) of 3.810 Å [64], resulting in
compressive lattice mismatch on SLAO (−1.42%) and LAO
(−0.55%), and tensile mismatch on LSAT (1.52%) and STO
(2.49%).

GIXR was performed on a Panalytical X’Pert system
(Cu Kα ) to determine film thicknesses and density depth pro-
files. SXRD was done at 300 K on the 33-ID beamline of the
Advanced Photon Source, using 20 keV (0.62 Å) radiation.
Film surface morphology was studied using contact-mode
AFM on a Bruker Nanoscope V Multimode 8. High-resolution
STEM employed an abberation-corrected FEI Titan G2 60–
300 STEM operated at 200 kV. Cross-sectional STEM spec-
imens were prepared with a focused ion beam (FEI Helios
NanoLab G4) using 30 kV Ga ions, followed by 1–5 kV ion
milling to remove damaged surface layers. The STEM probe
convergence semiangle was 23.5 mrad and the high-angle an-
nular dark-field (HAADF) detector inner angle was 57 mrad.
Magnetometry measurements employed a Quantum Design
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FIG. 1. Specular synchrotron x-ray diffraction scans around the film 002 reflections of 190-Å-thick LaCoO3-δ (LCO) films on (a) SLAO,
(b) LAO, (c) LSAT, and (d) STO substrates. In-plane strains (εxx ) are labeled. (e)–(h) Corresponding synchrotron x-ray reciprocal space maps
around the asymmetric 1̄03 film reflections (1̄ 0 11 for SLAO) for the same films shown in (a)–(d). “r.l.u.” is used for (substrate) reciprocal
lattice units.

superconducting quantum interference device magnetometer,
operated between 5 and 300 K in in-plane magnetic fields
(H) to 70 kOe (5.6×106Am−1). For magnetization depth
profiling, PNR was performed at 5 K on the Polarized Beam
Reflectometer at the NIST Center for Neutron Research,
using a monochromated beam (4.75 Å) and a saturating
(30 kOe, 2.4×106 Am−1) in-plane magnetic field. The normal
scattering vector (Q) dependence of the two nonspin-flip
specular reflectivities, R++ and R−−, were measured, where
“+” and “−” refer to incoming and outgoing neutron spin
polarization parallel or antiparallel to the applied field. R(Q)
was modeled with the NIST Refl1D software [65], using the
DREAM Markov chain Monte Carlo algorithm implemented
in the BUMPS package to determine uncertainty estimates on
fitted parameters. To minimize the number of parameters in
the refinement of magnetic depth profiles, 200-K unpolarized
neutron reflectometry data were also taken (in addition to
GIXR), to establish the chemical depth profile. DC transport
measurements were done in a Quantum Design Physical
Property Measurement System from 50 to 400 K in fields
to 90 kOe (7.2×106 Am−1). A Keithley 220 current source
and a Keithley 2002 voltmeter were used for excitation and
measurement. Indium contacts in a van der Pauw geometry
were used, with frequent checks for nonohmicity and self-
heating.

Electronic structure calculations employed DFT, using the
projector augmented wave approach, as implemented in VASP

[66]. The exchange correlation energy was calculated within
the Perdew-Burke-Ernzerhof (PBE)sol [67] approximation.
An energy cutoff of 500 eV was used to truncate the plane-
wave basis set and a 4×4×4 k-point grid was used to integrate
over the Brillouin zone. A Hubbard U correction was included
[68], to account for on-site interaction among d electrons
in Co3+. As in prior literature on cobaltites, a large value
of U (U = 6 eV) was required [61] to obtain quantitative
agreement with the bulk crystal structure [11,64], while U =
3 eV was sufficient to obtain electronic structure in agreement

with experiment [15,18]. As the key issue here is the strain
dependence of the crystal and band structure, spin polarization
was not included. Biaxial strain was imposed by constraining
the in-plane lattice parameters and then relaxing the structure;
optimizations used the condition that the Hellman-Feynman
forces fall below 5 meV Å−1. 40-atom 2×2×2 supercells were
employed to accommodate the various strain-induced CoO6

octahedral rotation patterns. For analysis of trends in orbital
energies, the WANNIER90 package [69,70] was used to calcu-
late maximally localized Wannier functions. A tight-binding
model with 2 eg orbitals per Co was then constructed, using
an inner window spanning the lowest 3.7 eV of the conduction
band.

III. RESULTS AND ANALYSIS

A. Structural characterization

Shown in Figs. 1(a)–1(d) are specular SXRD scans (in-
tensity (I) vs L in reciprocal lattice units [(r.l.u.)] around the
002 film peaks from 190-Å-thick LCO films on SLAO(001),
LAO(001), LSAT(001), and STO(001). Only the allowed 00l
LCO peaks are observed (even over a broader Q range than
shown here), indicating phase purity within SXRD detection
limits, and out-of-plane epitaxy. Numerous Laue oscillations
are seen, demonstrating low roughness, as confirmed by
GIXR, AFM, and PNR. Film thicknesses extracted from Laue
oscillations, the widths of the specular 002 peaks, and GIXR
(not shown) are in excellent agreement, as expected for fully
strained (i.e., microstrain-free) films. The pseudomorphic na-
ture of the films at this t is confirmed by the reciprocal space
maps (RSMs) shown in Figs. 1(e)–1(h), which were taken
around asymmetric 1̄03 reflections. The film and substrate
share the same in-plane lattice parameters (i.e., they diffract
at the same H), but distinctly different out-of-plane lattice
parameters (i.e., different L), as expected for full strain.

Interestingly, the SXRD RSMs in Figs. 1(f)–1(g), on LAO
and LSAT, reveal an additional rich structure of satellite peaks.
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FIG. 2. (a) Out-of-plane strain (εzz ) vs in-plane strain (εxx ) for
130-Å-thick LaCoO3-δ films, assuming various values [35,36,52] for
the bulk pseudocubic lattice parameter (apc). The dashed lines are
straight-line fits with unity slope, corresponding to Poisson ratio 1/3.
(b) Contact mode atomic force microscopy image (2.5×2.5 μm)
of a 220-Å-thick LaCoO3-δ film on LAO, showing the extracted
RMS roughness. HAADF-STEM images of 100-Å-thick LaCoO3-δ

films on (c) LAO and (d) LSAT. Yellow horizontal or vertical lines
highlight the oxygen vacancy ordering orientation.

On LSAT(001), for example [Fig. 1(g)], the film 1̄03 reflection
has two clear satellites on either side of the main Bragg peak,
evenly spaced in H, those satellites having Laue oscillations.
Similar behavior is seen on LAO(001) [Fig. 1(f)], the in-plane
satellites again being periodic, and extending even to third or-
der. On SLAO(001) and STO(001), however [Figs. 1(e)–1(h)],
this behavior disappears, replaced with wide streaks of scat-
tering around the LCO 1̄03 reflection, along H. As noted in
the Introduction, this type of behavior has been detected in
00l rocking curves of LSAT(001)/LCO [52], although the
use of SXRD reciprocal space maps here provides higher
sensitivity and a broader view (we also study 1̄03 vs 00l
reflections). Fuchs et al. interpreted this behavior in terms of a
periodic in-plane structural modulation, at these thicknesses
essentially a precursor to a periodic in-plane ferroelastic
twin domain structure due to the lower symmetry of LCO
(rhombohedral) than the substrate (cubic) [52]. Similar ideas
have been advanced for La1−xSrxMnO3 on STO [53]. Fuchs
et al. also observed the periodic twin domain structure in both
cross-sectional and plan-view TEM on LSAT(001)/LCO [52].
Following their interpretation, the LSAT(001)/LCO data in
Fig. 1(g) yield a periodic in-plane modulation distance of 95 Å
(from the satellite spacing in H), an equivalent correlation
length of 105 Å (from the satellite width in H), and an out-
of-plane length scale of 130 Å from the finite size fringe
spacing along L. These values indicate a somewhat coherent
in-plane modulation, with wavelength in good agreement
with Fuchs et al. at this t . The out-of-plane length scale of

130 Å also fits with the Fuchs et al. picture, the fact that
it is less than the thickness (190 Å) indicating that a thin
LCO region near the substrate likely deforms without lateral
modulation. On LAO(001) we extract a similar wavelength
of 70 Å. Note that in this case the symmetry of LAO and
LCO is the same (R3̄c) at 300 K, but not at the 700 °C
growth temperature, where LAO should be cubic (bulk LAO
transforms to Pm3̄m at 540 °C [71]). The symmetry mismatch
twin domain interpretation thus may also be applicable to
LAO(001)/LCO. The replacement of distinct satellite peaks
with a broad streak of scattering in films on SLAO(001) and
STO(001) [Figs. 1(e) and 1(h)] could then potentially indicate
decreased coherence of the in-plane modulation at higher
absolute lattice mismatches. (Note that some films on STO do
exhibit weak satellites around certain reflections, consistent
with Guo et al. [49]; the coherence of the in-plane modulation
is stronger on LAO and LSAT, however.)

A final point worth emphasizing along these lines is that the
in-plane ferroeleastic domain structure in LCO [52] has appar-
ently never been linked to the VO order that is also reported
in strained LCO films [32,36], and seen here (see below).
It seems possible that lateral domains associated with this
VO order, which occur on length scales comparable to the
100 Å wavelengths deduced above, could also be responsi-
ble for the periodic in-plane domain structure seen in XRD
rocking curves, RSMs, and TEM. Future work exploring this
potential connection would be worthwhile.

With the in-plane and out-of-plane lattice parameters of
these LCO films known, and full strain established, the
strain components εxx and εzz can be determined, using
εxx = (asub–apc)/apc and εzz = (c–apc)/apc, where asub is the
substrate (pseudo)cubic lattice parameter, apc is the LCO
bulk pseudocubic lattice parameter, and c is the out-of-plane
lattice parameter of the pseudotetragonal LCO film. These
strains are plotted against each other in Fig. 2(a) at a fixed
low t of 130 Å. For better comparison to prior literature
this is done assuming apc values of 3.810, 3.826, and 3.835
Å, as used in Refs. [36], [52], and [35]. This range of
LCO bulk apc values was used in past work to consider
not only the 300 K value [64], but also values that reflect
thermal expansion at the growth temperature [35]. For simple
analysis, the dashed lines in Fig. 2(a) are straight line fits
with unity slope, corresponding to a Poisson ratio of 1/3,
as has been reported for both bulk LCO and epitaxial films
[35]. The intermediate apc = 3.826 Å value of Fuchs et al.
[52] is seen to generate the expected near-zero intercept; a
300 K apc value of 3.810 Å would instead indicate a substan-
tial positive intercept along εzz, indicating additional expan-
sion of the cell volume. The latter can occur in perovskites,
including La1−xSrxCoO3-δ , due to defects such as VO [72].

Moving to microscopy, the 2.5×2.5 μm AFM image of
a representative t = 220 Å LCO film on LAO(001) in
Fig. 2(b) reveals atomically flat terraces separated by unit-
cell-high steps. The root-mean-square (RMS) roughness
from this image is 1.4 Å, consistent with the low (Å
scale) roughness indicated by SXRD, GIXR, and PNR.
Complementary cross-sectional STEM images are shown
in Figs. 2(c) and 2(d) for representative 100-Å-thick LCO
films on LAO(001) and LSAT(001), respectively. As re-
ported previously [32,36,40,43], and as discussed in the
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Introduction, atomic-scale stripe patterns are detected. Fol-
lowing the work of Biskup et al. [32] and Mehta et al. [36],
which directly detected O deficiency in dark stripes using
STEM/EELS, and consistent with the Sr-doped LCO film
literature [54–56], we interpret this as VO order. Differ-
ent from the x = 0.5 La1−xSrxCoO3-δ case, but consistent
with prior work on LCO, the stripe spacing is not a sin-
gle pseudocubic unit cell, but rather three, or even four
pseudocubic cells, with spatial variations. The stripes of VO

order (analogous to the O-deficient planes in VO-ordered
brownmillerite SrCoO2.5 [54–56]) are also oriented in-plane
on LAO(001) [Fig. 2(c)], but out-of-plane on LSAT(001)
[Fig. 2(d)]. These observations are broadly consistent with
heteroepitaxial La1−xSrxCoO3-δ films, where VO ordering is
thought to be the mechanism for lattice mismatch accommo-
dation [55]. Specifically, in-plane (perpendicular) stripes are
anticipated under compression (tension), to enable the VO-
ordered structure to lattice match the substrate, as in Figs. 2(c)
and 2(d). The less prevalent VO order on LAO [Fig. 2(c)] may
be consistent with the smaller absolute lattice match than on
LSAT(001) [Fig. 2(d)]. It should be noted, however, as will be
returned to in Sec. IV below, that VO order, and thus finite δ in
LaCoO3-δ , is apparent here under both tensile and compressive
strain.

B. Magnetism

Moving to magnetic properties, Fig. 3(a) shows the
T dependence of the magnetization (M) of representa-
tive 150-Å-thick LCO films on SLAO, LAO, LSAT, and
STO, measured (and cooled) in H = 1 kOe (8×104 Am−1,
in-plane). Consistent with expectations from the literature
[9,35–38,41,42,47,49,52], FM ordering is apparent under ten-
sile strain (on LSAT and STO), but not compressive strain (on
SLAO and LAO). TC values of 78 and 83 K are estimated
from the inflection points of M(T ) for films on STO and
LSAT, respectively. While both FM transitions are relatively
sharp, films on LSAT do appear to have less broadened
transitions, in addition to slightly higher TC . On a qualitative
level, comparison of Figs. 1(g), 1(h) and Figs. 3(a), 3(b)
suggests that the higher TC on LSAT compared to STO
correlates with the somewhat higher structural quality on
LSAT substrates (i.e., improved coherence of periodic in-
plane modulation). Complementary in-plane 5 K M(H ) hys-
teresis loops of films on LSAT and STO [Fig. 3(b)] reveal
clear hysteresis and in-plane magnetization. Coercivity (Hc)
near 5 kOe (4×105Am−1) is found on both substrates, the
Ms values on LSAT and STO being 1.1 and 1.0 μB/Co,
respectively. The TC , Ms, and Hc values reported here are thus
in reasonable quantitative agreement with the majority of the
literature, e.g., Refs. [9,35,37,38,41,44]. As an aside, we note
that a substantial nonlinear paramagnetic signal was found to
arise in LSAT substrates at low T, which had to be carefully
subtracted. If not accounted for this could lead to anomalously
large deduced Ms, and a lack of saturation out to high H.

PNR was used to further probe the magnetism in tensile-
strained LCO films on STO and LSAT substrates, to con-
firm long-range bulk FM order, and to quantify the mag-
netization depth profile. Figures 4(a) and 4(d) show the Q
dependence of the nonspin-flip specular reflectivities R++ and

FIG. 3. (a) Temperature (T) dependence of magnetization (M)
of 150-Å-thick LaCoO3-δ films on various substrates at 1 kOe
(8×104 Am−1) in-plane measuring and cooling field. (b) M vs in-
plane magnetic field (H) at 5 K for LaCoO3-δ films on LSAT and
STO. For reference, 1 Oe = 79.58 Am−1.

R−− at T = 5 K and H = 30 kOe (2.4×106Am−1, in-plane),
for STO(001)/LCO(t ≈ 200 Å) and LSAT(001)/LCO(t ≈
150 Å), respectively. Clear splitting between R++(Q) and
R−−(Q) is observed at this T, consistent with FM. This is
highlighted in Figs. 2(b) and 2(e) by plotting the spin asymme-
try, SA = ( R++− R−−

R+++ R−− ). The SA is predominantly positive for
films on both substrates, exhibiting clear oscillatory behav-
ior over multiple periods. The oscillation periods are in the
0.03–0.04 Å−1 range, corresponding to real space lengths of
150–200 Å, immediately suggesting that FM order pervades
the majority of the LCO thickness.

Quantification was achieved by refinement of the data in
Figs. 4(a), 4(b), 4(d), and 4(e) using the Refl1D package [65].
To more reliably determine the depth (z) profile of the mag-
netic scattering length density (SLDmag), unpolarized 200 K
reflectometry data were also acquired (in addition to GIXR),
and fit to determine the nuclear scattering length density
[SLDnuc(z)]. Only minor variation of the parameters associ-
ated with SLDnuc(z) (i.e., substrate and layer thicknesses and
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FIG. 4. Neutron reflectivity (R, top panel) and spin asymmetry (SA, bottom panel) vs scattering vector (Q) at 5 K in a 30 kOe
(2.4×106 Am−1) in-plane magnetic field for (a), (b) a 200-Å-thick LaCoO3-δ film on STO, and (d), (e) a 140-Å-thick LaCoO3-δ film on
LSAT. In (a) and (d), black and red points are nonspin-flip R values (R−− and R++), respectively. The solid lines are fits to the model discussed
in the text, with parameters shown in Table I. (c), (f) Corresponding nuclear scattering length density (SLDnuc), magnetic scattering length
density (SLDmag), and magnetization (M) vs depth (z). Unless otherwise noted, all uncertainties and error bars represent ±1 standard deviation.

roughnesses) was then permitted in the magnetic refinement
of 5-K polarized data. Resulting fits are shown as solid lines
in Figs. 4(a), 4(b), 4(d), and 4(e), with the refined SLDnuc(z)
and SLDmag(z) in Figs. 4(c) and 4(f). The substrate, LCO,
and region above the film are labeled and shaded in Figs. 4(c)
and 4(f), the vertical dashed lines marking the nuclear (chem-
ical) interface locations, as determined from the midpoints of
the SLDnuc transitions. Corresponding fit parameters [SLDs,
thicknesses, roughnesses, and magnetizations (from SLDmag)]
are given in Table I, where it can be seen that the LCO
layers were split into bottom, middle, and top regions. For

the STO/LCO case, a low density overlayer on the film
surface was also required; such overlayers can be attributed
to condensed hydrocarbons, H2O, etc.

Considering first the nuclear (chemical) depth profile,
Figs. 4(c) and 4(f) and Table I reveal fairly typical find-
ings for epitaxial perovskite films. Top surface roughnesses
of 2–4 unit cells are found (reasonable magnitudes given
the large (up to 10 mm×10 mm) lateral areas probed),
along with substrate/LCO interface widths of 3–4 unit
cells, potentially indicating non-negligible interdiffusion. In
terms of nuclear SLDs, the reflectometry data could be

TABLE I. Summary of parameters extracted from polarized neutron reflectometry (Fig. 4). Shown are the nuclear scattering length density
SLDnuc, thickness t , roughness σ (i.e., Gaussian interface width), and magnetization M, for each layer. These values are shown for SrTiO3

(STO)/LaCoO3(LCO) (top) and LSAT/LCO (bottom). As can be seen, the LCO films are split into bottom, middle, and top layers. For the
STO/LCO case a low density overlayer on the LCO film surface was required to best model the data. Such overlayers can be attributed to
condensed hydrocarbons, H2O, etc. Unless otherwise noted, all uncertainties and error bars represent ±1 standard deviation.

Sample Substrate Bottom LCO Middle LCO Top LCO Cap Layer

3.51×10−6 Å−2 4.89×10−6 Å−2 4.89×10−6 Å−2 4.89×10−6 Å−2 2.63×10−7 Å−2

t = ∞ t = 18.5 Å ± 4.5 Å t = 159.1 Å ± 0.88 Å t = 23.9 Å ± 6.4 Å t = 158 Å ± 13 Å
STO/LCO

σ = 13.1 Å ± 1.8 Å σ = 9.05 Å ± 0.45 Å σ = 9.05 Å ± 0.45 Å σ = 9.05 Å ± 0.45 Å σ = 0.18 Å ± 0.06 Å
M = 0 M = 0 M = 1.00 μB/Co M = 0 M = 0

5.09×10−6 Å−2 4.95×10−6 Å−2 4.95×10−6 Å−2 4.95×10−6 Å−2

t = ∞ t = 6.9 Å ± 3.2 Å t = 125.1 Å ± 5.7 Å t = 11.5 Å ± 5.9 Å
LSAT/LCO

σ = 7.7 Å ± 3.1 Å σ = 15.9 Å ± 0.7 Å σ = 15.9 Å ± 0.7 Å σ = 15.9 Å ± 0.7 Å -
M = 0 M = 0 M = 1.14 μB/Co M = 0
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refined with the bulk values expected of the substrates,
and with LCO values decreased only marginally from bulk
(4.93×10−6 Å−2), indicating near-single-crystal densities. Of
higher interest, the refined M(z) in Figs. 4(c) and 4(f), and as-
sociated parameters in Table I, reveal important findings. First,
FM is confirmed to be a bulk property of these tensile strained
films, with slightly higher peak M on LSAT (1.14 μB/Co) vs
STO (1.00 μB/Co). [This is the same trend as seen in magne-
tometry in Fig. 3(b).] The magnetic thickness is nevertheless
lower than the chemical thickness, magnetic dead layers being
implicated at both the substrate/LCO interfaces and LCO top
surfaces. These layers are approximately 2 and 4 unit cells,
respectively, on LSAT, increasing to approximately 5 and
6 unit cells, respectively, on STO. We emphasize again the im-
proved magnetic properties of LCO films on LSAT compared
to STO, consistent with the slightly better structural quality.
Comparisons can also be made to the recent PNR study of Guo
et al. on STO(001)/LCO [48] where suppressed magnetization
layers of thickness 4–5 unit cells were found at both the
substrate/LCO and LCO/cap layer interfaces, similar to our
findings. Guo et al. concluded reduced M in these regions,
as opposed to completely dead layers, but from data taken
to larger maximum Q, and thus with higher resolution. In
summary, the PNR data and analysis presented here confirm
bulk long-range FM in LCO films on both LSAT and STO,
albeit with improved magnetization depth profile (i.e., lower
dead layer thickness) on LSAT.

C. Electronic transport

Motivated by the situation summarized in the Introduction,
detailed transport and magnetotransport measurements were
also made. Shown in Fig. 5(a) is the zero-field ρ(T ) (log10ρ

scale) of representative 130-Å-thick LCO films on SLAO,
LAO, LSAT, and STO substrates. These data are plotted from
400 K to the lowest T that could be measured (75–100 K
depending on the specific resistance) and are compared in
Fig. 5(a) to a data set on a bulk polycrystalline sample, se-
lected for its extended T range [20]. Semiconducting behavior
is seen in all films, but, interestingly, with approximately
0.1 to 1 �cm resistivity at 300 K, i.e., lower ρ than bulk,
regardless of the sign of the strain. Such 300-K resistivities
are at the lower end of the reported range for epitaxial LCO
[37,42,62], although the literature is sparse. Notably, ρ(T )
is similar under compressive and tensile strain (with the
exception of somewhat lower ρ under compression), despite
the strikingly different magnetic properties. As an aside, the
lowest T at which transport measurements could be made
under compression was 75 K (on LSAT), only marginally
below TC , meaning that magnetotransport studies in the FM
state of epitaxial LCO films remain a challenge.

Figure 5(b) plots the same data as log10ρvs T −1, exposing
Arrhenius behavior between about 250 K and the lowest T.
The extracted activation energy Ea varies between 53 and
103 meV, being generally lower under compression than un-
der tension. Consistent with the lower overall ρ, these energies
are also lower than those obtained in the same T range in
bulk [143 meV, see Fig. 5(b)]. Within a simple semiconductor
physics interpretation this 143 meV bulk energy could indi-
cate intrinsic conduction across a roughly 0.3 eV gap (not out

FIG. 5. (a) Temperature (T) dependence of zero magnetic field
resistivity (ρ, on a log10 scale) for 130-Å-thick LaCoO3-δ films on
various substrates. (b) Corresponding log10(ρ ) vs 1/T plot, along
with low T straight-line fits yielding the activation energies shown.
Bulk polycrystalline data are shown for comparison [20].

of the question for LCO [18]), or a Fermi level 150–300 meV
from the conduction or valence band edge, dependent on
compensation and doping. The lower Ea in films could then
indicate higher doping levels; this possibility was thus probed
via Hall measurements.

Figures 6(a) and 6(b) show 225 K transverse (Hall) re-
sistivity ρxy vs H for representative 130-Å-thick LCO films
on SLAO and LAO [compressive strain, Fig. 6(a)] and LSAT
and STO [tensile strain, Fig. 6(b)], revealing a major finding
of this work. Specifically, a simple H-linear Hall signal is
found in both cases, with relatively large magnitudes of the
Hall coefficient (RH ), but opposite signs under compression
[Fig. 6(a)] and tension [Fig. 6(b)]. The sign under compressive
strain is holelike (positive RH ), as in nominally undoped bulk
crystals [18], while the sign under tension is electronlike
(negative RH ). The magnitudes of the Hall coefficient also
vary by an order-of-magnitude, tensile-strained LCO films
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FIG. 6. Magnetic field (H) dependence of the 225 K Hall resistiv-
ity (ρxy ) of 130-Å-thick LaCoO3-δ films under (a) compressive strain
on SLAO and LAO, and (b) tensile strain on LSAT and STO. As is
typical, a zero field background has been subtracted.

having larger RH than compressive films. Given the simple
linear behavior in ρxy(H ) to 90 kOe (7.2×106 Am−1), which
is true at all T, there is no indication of multiple carrier types
involved in the transport. In Fig. 7(a) we thus plot the apparent
electron or hole density (1/|RH |e) vs T −1, using solid symbols
for electronlike and open symbols for holelike. Data are
shown for the same films as in Figs. 5 and 6 (on SLAO,
LAO, LSAT, and STO), the solid lines being straight-line
(Arrhenius) fits. The inversion from holelike to electronlike
RH under tensile strain is seen to be robust over the entire
T range, the 225 K Hall electron densities under tension
being in the mid 1018–1019 cm−3 range, compared to hole
densities under compression of mid 1019–1020 cm−3. Simple
activated behavior (solid lines) is also seen over the majority
of the probed T range, in agreement with ρ(T ) in Fig. 5(b).
Quantitatively, Ea values from the Hall carrier densities in
Fig. 7(a) are 73, 70, 95, and 116 meV on SLAO, LAO, LSAT,
and STO, respectively, agreeing well with the 71, 53, 71, and
103 meV from resistivity in Fig. 5(b). At the highest T, the
tensile-strained LCO films show a possible break in slope to
higher Ea (100′s of meV), i.e., similar values to bulk [20]. At
the lowest T, films under compression only show a potential
break to lower Ea. This would be consistent with the behavior
seen across the spin-state transition in bulk [20], but could not
be probed to sufficiently low T to confirm this.

FIG. 7. (a) Hall electron or hole density (log10 scale, solid sym-
bols for electrons, open symbols for holes) vs inverse temperature
(T) for 130-Å-thick LaCoO3-δ films on various substrates. Solid lines
are straight line (Arrhenius) fits. (b) Corresponding Hall mobility
(μ, log10 scale) vs T.

Combining these Hall electron or hole densities with ρ(T )
provides the apparent Hall mobility, μ(T ), which is plotted in
Fig. 7(b) for the same films. μ typically increases on cooling
from 300 to down to ∼100 K. Under compressive strain
the peak hole mobility reaches 0.6 cm2 V−1 s−1, the high T
values approaching 0.1–0.2 cm2 V−1 s−1, almost an order-of-
magnitude larger than the apparent bulk single crystal hole
mobility of 0.03 cm2 V−1 s−1 at 340 K [18]. Under tensile
strain the peak carrier (electron) mobility is yet larger, reach-
ing almost 2 cm2 V−1 s−1 at 100 K on LSAT. Figures 7(a)
and 7(b) thus illustrate that the generally lower resistivities
in compressive LCO films [see Fig. 5(a)] are due to higher
carrier density [Fig. 7(a)], despite typically lower mobility
[Fig. 7(b)].

Taken at face value, the data of Figs. 6 and 7 indicate an
unanticipated inversion in majority carrier type, from holes
(i.e., p-type behavior) in compressive LCO films (as in bulk),
to electrons (i.e., n-type) under tension. Caution is warranted,
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however, as some transport mechanisms are known to sup-
press, and even invert, the sign of RH , in the absence of
a true inversion in majority carrier type [73–76]. Hopping
transport, particularly variable-range hopping [77,78], is a
prime example [73–76]. A key observation in this regard is the
simple activated behavior displayed by ρ(T ) [Fig. 5(b)] and
1/e|RH (T )| [Fig. 7(a)], which is inconsistent with variable
range hopping [78]. The maximum μ in these LCO films
also reaches 2 cm2 V−1 s−1 [Fig. 7(b)], which, while modest,
safely exceeds the mobilities at which hopping-induced inver-
sions of RH typically occur (often ∼ 0.1 cm2 V−1 s−1) [76].
The mobility also increases on cooling over the majority of
the T range in Fig. 7(b), indicating phonon-limited diffusive
transport as opposed to hopping. Finally, the Ea values here
are also much larger than typical for nearest neighbor hop-
ping [77,78]. Based on these observations, an artificial sign
inversion of RH due to variable range or nearest neighbor
hopping transport is unlikely. Hopping of polarons is another
possibility that should be considered, as the Hall effect in
polaronic conduction is also complex, and need not reflect the
true sign of the charge carriers [79]. While the T dependence
of the resistivity and apparent carrier density observed here
do not explicitly rule out polaron hopping, it is shown below
that a compelling, self-consistent explanation for the transport
phenomena we observe can be obtained from a band transport
model. We note that the highest mobilities observed here also
occur under tension, when RH is inverted, another argument
against the inversion being caused by an artifact of any form
of hopping conduction. A second possible artifact is provided
by the anomalous Hall effect, which could be anticipated in
tensile-strained films as FM emerges. A negative anomalous
Hall coefficient combined with a large magnetic susceptibility
could potentially overwhelm an underlying positive ordinary
Hall coefficient, leading to apparent inversion of RH . The
anomalous Hall coefficient in Sr-doped LCO is positive in
both bulk and film form, however [63,80,81], ρxy(H ) in
tensile-strained LCO films exhibits no sign of nonlinearity,
and RH (T ) is inconsistent with a Curie-Weiss T dependence
of the susceptibility. This possibility is thus also ruled out. We,
therefore, interpret the inversion of RH shown in Figs. 6 and 7
as a true inversion of the majority carrier type, from holes
under compression, to electrons under tension. Remarkably,
while thus far overlooked, there is thus a direct correlation in
LCO films between the existence of long-range FM and n-type
transport, both of which occur only under tensile strain.

In summary, a number of unanticipated observations result
from simple transport analyses. Comparing bulk and thin film
LCO, lower ρ, lower Ea, and higher μ are found in epitaxial
films. Comparing tensile and compressive strain, lower carrier
density and higher μ occur in films under tension, along with
a striking inversion of the majority carrier type from holes to
electrons. We show below that strain-dependent DFT-based
band structure calculations, combined with straightforward
arguments regarding orbital energies and occupations, provide
simple qualitative explanations for these phenomena.

D. Electronic structure calculations

DFT+U calculations of electronic structure were per-
formed as a function of biaxial strain (from −3% to +3%)

by constraining the in-plane LCO lattice parameters, and then
subsequently relaxing the structure. As discussed in further
detail in Supplemental Material Section A (Figs. S1, S2, S3
and Table S1) [82], and as is often the case in perovskite ox-
ides, the calculated ground state octahedral tilt pattern varies
with strain. The predicted tilt pattern (in Glazer notation [83])
at the largest negative (i.e., compressive) strains is a 0a 0c–

(associated with the I4/mcm space group), transforming at
approximately −1.75% to a–a–c– (C2/c space group), then
to a–a–c+ (Pnma space group) at all strains above ∼0.75%
(i.e., more tensile). At zero strain the predicted ground state
tilt pattern is thus a–a–c– (C2/c), not the bulk a–a–a– (R3̄c),
due to the constrained in-plane lattice vectors; without such
constraints the predicted structure indeed becomes R3̄c. These
DFT-based structural predictions were directly tested via
SXRD measurements of the half-order Bragg peaks that arise
from unit cell doubling due to CoO6 octahedral rotations [84].
As discussed in Supplemental Material Section B (Fig. S4
[82]), measurements of intensities and systematic absences
of these peaks provide not only the tilt pattern, but also the
CoO6 octahedral rotation angles [84]. Such experiments were
done on films on SLAO (−1.42% strain) and STO (+2.49%
strain), at 300 K, establishing the a–a–c– tilt pattern (C2/c
space group), in both cases. This is in agreement with DFT
under −1.42% strain (SLAO), but at apparent odds with
it under +2.49% strain (STO). The SXRD measurements
were performed at 300 K, however, and T = 0 DFT puts the
experimentally observed structure at +2.49% strain as little
as 3.1 meV/formula unit above the ground state, providing a
simple potential explanation for this apparent disagreement
(see Supplemental Material Section A, Fig. S2 for further
details [82]).

Based on these predicted ground-state structures, band
structure calculations were performed vs strain. Figures 8(a)
and 8(b) show representative examples at −1.5% strain [com-
pressive, Fig. 8(a)] and +2.5% strain [tensile, Fig. 8(b)],
corresponding to LCO films on SLAO and STO substrates,
i.e., the full span of heteroepitaxial strain studied experimen-
tally. At this level of theory, LCO is indeed nonmetallic,
the (direct) semiconducting energy gaps in Figs. 8(a) and
8(b) being 0.44 and 0.46 eV, respectively. As expected (see
Supplemental Material Section A [82] for more details), this
gap is dictated by the separation between the Co eg states
that form the conduction band minimum and the hybridized
Co t2g−O 2p states at the valence band maximum; the lo-
calized La 4 f states are at much higher energy. Most sig-
nificantly, especially for comparison with transport data, the
detailed features of the band structure at the valence band
maximum, and particularly the conduction band minimum,
are strongly strain-dependent. At the valence band maximum,
for example, Figs. 8(a) and 8(b) show a substantial decrease
in dispersion near the 	 point on going from compressive
to tensile strain. This occurs because the most dispersive t2g

band narrows, and shifts below other t2g bands, likely due to
hopping amplitude changes induced by Co–O–Co bond angle
shifts. Regardless of exact origin, this would be expected
to increase the hole effective mass (mh

∗) under tension. At
the same time, the states that dominate the conduction band
minimum become distinctly more dispersive under tension
compared to compression [compare Figs. 8(a) and 8(b)],
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FIG. 8. Density functional theory electronic band structure for LaCoO3 films under (a) 1.5% compressive strain and (b) 2.5% tensile
strain. (c) Electron and hole (black and red symbols) effective masses (m∗/me, where me is the free electron mass, computed along the
	-X direction) vs in-plane strain (εxx ). (d) Energy Splitting between the cobalt eg-like Wannier orbitals (�E = Ez2 –Ex2−y2 ) vs biaxial strain
(εxx ). The two insets show the dx2−y2 (top left) and dz2 (bottom right) Wannier orbitals.

which would be expected to lead to a decrease in electron
effective mass (me

∗) under tension. This occurs because under
tensile strain the dx2−y2 orbital, which gives rise to bands that
are dispersive in the film plane, becomes lower in energy than
the dz2 one, the opposite occurring under compression. This is
illustrated in Fig. 8(d), where Wannier function calculations
are used to extract the energy difference between dz2 and
dx2−y2 orbitals vs strain. We note that this is in good general
agreement with the recent x-ray linear dichroism results of
Guo et al., where high dx2−y2 orbital polarization was deduced
under tensile strain [47].

Quantification of these strain-induced band structure
changes was achieved by fitting the low energy (within
0.12 eV) regions near the conduction band minimum
and valence band maximum to E = h̄2k2/2me

∗me and
E = h̄2k2/2mh

∗me, respectively (me is the bare electron
mass). Effective masses were thus determined along the
	-X [where X = (0.5, 0, 0)π/apc] and 	-M [where M =
(0.5, 0.5, 0)π/apc] directions, as shown in Figs. 8(a) and 8(b).
The results for the 	-X direction are plotted as a function of
strain in Fig. 8(c), revealing a striking strain-driven crossover
in the relative effective masses of holes and electrons; results
for the 	-M direction (not shown) reveal a similar trend. In
Fig. 8(c), mh

∗ is seen to approximately double from −1.5%
to +2.5% strain, while me

∗ decreases by around a factor of 4.

The ratio me
∗/mh

∗ thus falls by almost an order of magnitude
from −1.5% (compressive) to 2.5% (tensile) strain. Note that
this trend was also checked in the a–a–c– case, found in
experiment under both tension and compression; very similar
effective mass values were found.

IV. DISCUSSION

We propose that these electronic structure calculations,
in combination with straightforward inferences supported by
prior literature, provide explanations for several of the trans-
port phenomena presented here, in particular the majority car-
rier inversion. The first important point in this regard is that the
data of Fig. 8(c) establish substantially lower effective mass at
the eg-derived conduction band minimum than the t2g-derived
valence band maximum for tensile films. Comparing −1.5%
and +2.5% strain, equivalent to SLAO and STO substrates,
me

∗/mh
∗ in fact decreases from ∼1.4 to ∼0.2. For comparable

scattering rates for electrons and holes this strong asymmetry
in effective mass will increase electron mobility over hole mo-
bility, as clearly supported by the data of Fig. 7(b). A second
important point, well supported by the literature on LCO films
[32,36,39–41,43–47,49–51], is that FM under tensile strain
must reflect suppression of the bulk spin-state transition and
stabilization of a nonzero spin state. Regardless of the details
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of the tensile-strain-stabilized nonzero spin state (be it uni-
form or a spin-state superstructure), this necessarily involves
a tensile-strain-driven redistribution of orbital occupancies
from t2g to eg. The eg-derived conduction band minimum
will thus populate with electrons, the lower effective mass
and higher mobility for electrons leading to inversion of the
Hall coefficient and majority carrier type, providing a simple
explanation for a central result of this work.

VO-driven n-type doping is also a possibility in LCO.
There are, however, clear indications that this cannot explain
a crossover from p-type under compression to n-type under
tension. First, while quantification is difficult, and is not at-
tempted here, the STEM images in Figs. 2(c) and 2(d) clearly
indicate VO order, and thus substantial VO densities, in both
tensile-strained and compressive-strained films. There is thus
no clear reason to expect much heavier VO doping under ten-
sion vs compression, and this is indeed not supported by the
lattice parameter trends [see Fig. 2(a)]. As additional support
for this we note that calculated VO formation enthalpies in
lightly Sr-doped LCO films are similar under compressive and
tensile strain, differing by less than 0.1 eV at ±1% strain [85].
There is thus no expected thermodynamic driving force for
VO formation under tension vs compression, certainly not at
the level required to generate the difference in carrier density
shown for tensile and compressive films in Fig. 7(a).

V. SUMMARY

A comprehensive study of structural, magnetic, and elec-
tronic transport properties of epitaxial LCO films (100 to 220-
Å-thick) has been presented, imposing heteroepitaxial strains
between −1.4% (compressive) and +2.5% (tensile). Thor-
ough characterization of the structure and morphology with
SXRD, STEM/EELS, AFM, and GIXR, reveals high-quality,
smooth epitaxial films that exhibit superstructures associated
with VO order and periodic lateral ferroelastic twin domains.
FM occurs only under tensile strain, with TC up to 83 K and

Ms up to 1.1 μB/Co. PNR measurements confirm that this
FM is a bulk property, although unit-cell-level interfacial dead
layers do form. Semiconducting transport occurs regardless
of the sign of the strain, similar to bulk, albeit with lower
resistivity and activation energy. Most importantly, a striking
inversion of the majority carrier type occurs under tensile
strain, from the p-type seen in bulk and under compression,
to n-type under tension. This inversion is accompanied by
a significant increase in mobility for tensile vs compressive
films. These results are interpreted in terms of a tensile-
strain-induced redistribution of orbital occupancies towards
eg states, in concert with substantial lowering of the elec-
tron effective mass, as deduced from DFT-based calculations.
These results provide further understanding of the FM state in
strained epitaxial LCO, in particular a previously undetected
link between magnetism and transport.
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