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Control of dopant crystallinity in electrochemically treated cuprate thin films
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We present a methodology based on ex situ (postgrowth) electrochemistry to control the oxygen concentration
in thin films of the superconducting oxide La,CuQy,, grown epitaxially on substrates of isostructural LaSrAlO,.
The superconducting transition temperature, which depends on the oxygen concentration, can be tuned by
adjusting the pH level of the base solution used for the electrochemical reaction. As our main finding, we
demonstrate that the dopant oxygens can either occupy the interstitial layer in an orientationally disordered state
or organize into a crystalline phase via a mechanism in which dopant oxygens are inserted into the substrate,
changing the lattice symmetry of both the substrate and the epitaxial film. We discuss this mechanism, and we
describe the resulting methodology as a platform to be explored in thin films of other transition-metal oxides.

DOLI: 10.1103/PhysRevMaterials.3.063803

L. INTRODUCTION

The design of new materials and control of their properties
relies on the development of techniques for fine-tuning in-
ternal material parameters. In material systems with strongly
correlated electrons [1], exotic physical properties can be ex-
plored by adjusting lattice symmetry, carrier doping, chemical
pressure, external pressure, and fields. For example, one of
the most extensively investigated phase diagrams generated
by parameter tuning is that of the superconducting copper
oxides [2,3]. Introducing charge carriers into an antiferromag-
netic Mott insulator leads to unconventional superconductiv-
ity and a host of other collective quantum phenomena. A mod-
ern effort to control both the micro- and macroscopic proper-
ties of highly correlated electron systems, while maintaining
relatively low disorder levels, has focused on the growth of
metastable materials in the form of epitaxial thin films or
heterostructures, particularly in the case of transition-metal
oxides. Application of control parameters such as epitaxial
strain, reduced dimensionality, interfacial charge transfer, and
exchange interactions is beginning to yield a new generation
of properties and potential functionalities [4-7].

Nonetheless, control over oxygen stoichiometry and oxy-
gen ordering remains limited in oxide thin films. Oxygen
stoichiometry can be manipulated by varying the oxygen
partial pressure during growth, but only a limited set of
material phases can be synthesized within the range of oxygen
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pressures compatible with state-of-the-art deposition tech-
niques. Ex situ control of oxygen stoichiometry is commonly
achieved by annealing as well as electrochemical procedures.
However, due to the extremely small sample volume and
significant variations of substrate surface quality, reproducible
procedures can be difficult to establish for epitaxial thin films.
Ground-state magnetic, electronic, and ionic orders, as well
as electronic and ionic conductivities, are highly suscepti-
ble to variations in oxygen stoichiometry and disorder. As
such, control of these is essential to the fundamental study
of oxide materials, and it is crucial when tailoring material
properties for application in a wide range of devices [7-9].
For example, oxygen off-stoichiometry is frequently tuned
to optimize electrical and ionic conductivities in perovskite
materials used as oxygen-transporting membranes or as el-
ements of solid oxide fuel cells [8]. Similarly reversible
oxygen doping of Ca3Co40¢ films grown on SrTiOz and
LaAlOj; has been shown to enhance significantly the thermo-
electric performance of the heterojunction [10]. In another
example, controlled oxygen migration in materials such as
VO,_, or TayOs_, can produce local metal-insulator transi-
tions that may serve as the basis for resistive random access
memory devices [9,11]. In the case of the superconduct-
ing copper oxides, oxygen ordering phenomena have been
shown to impact both superconductivity as well as the cor-
related electronic phases with which superconductivity inter-
acts, despite leaving the global stoichiometry of the material
unchanged [12-16].

In this work, we examined films of La,CuO4 grown on
LaSrAlO4 (LSAO) substrates as a test platform to compare
the effect of electrochemical doping in bulk and in thin
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films. A series of superconducting transition temperatures
with maximum 7; comparable to those in the bulk were
produced by electrochemical doping using various pH levels.
For sufficiently elevated pH, dopant oxygens penetrate the
LSAO substrate, resulting in a modified crystal symmetry.
This symmetry change is mimicked by the epitaxial film and
results in the crystallization of a dopant oxygen superstructure
within the La,CuQy,,, interstitial layers [Figs. 1(a) and 1(b)].

II. METHODS

An atomic layer-by-layer, ozone-assisted molecular beam
epitaxy system was used to grow high-quality films of un-
doped La,CuO,4 with a thickness of 30 nm. The growth was
performed at a temperature of 630-650°C in a 1.5 x 107>
mbar ozone atmosphere and the samples subsequently cooled
at the same pressure. Since the synthesis was performed
in oxidation (ozone) conditions, the La,CuQO, films were
vacuum-annealed at 200 °C following growth to remove any
interstitial oxygens. The fluxes of the effusion cells were
calibrated with a quartz crystal monitor before growth. Reflec-
tion high-energy electron diffraction was used for real-time
monitoring of the synthesis, enabling atomic layer control.
The substrates were commercially available (001)-oriented
LaSrAlO4 (LSAO) substrates with one side polished.

An electrochemical reaction was used to obtain dif-
ferent doping levels in the samples. Controlled amounts
of solid NaOH were dissolved into distilled water gen-
erating alkaline solutions of varying pH. The resulting
pH levels were measured using conventional pH indica-
tor strips. In the solution, the sample was enveloped in a
platinum mesh, and a potential difference between a plat-
inum counter electrode and the film+substrate was used
to produce an electric field that drives apart the Na®
and OH™ ions. A schematic of the electrochemical doping
setup and reaction is shown in Figs. 1(c) and 1(d). Half-
reactions occur [17,18] at the working and counter electrodes,
respectively: La,CuOy4 + 2yOH™ — La;CuOq44, + yH,0 +
2ye~ and 2yH,0 + 2ye™ — 2yOH™ + yH,(g). The net elec-
trochemical reaction pertaining to the film is La,CuQOy4 +
szo — LEIQCHO4+y + sz

All electrochemical processes were performed in a poten-
tiostatic mode at room temperature for approximately 18 h.
The voltage, which was applied using a commercial power
supply and monitored by a reference electrode, was 0.6 V.
This value is below the threshold for an oxygen evolution re-
action 2OH™ — H,0 + %02 + 2e7) to happen at the work-
ing electrode [17,18]. The resulting currents upon turning on
the voltage were ~0.6 mA but would drop about an order of
magnitude after 12 h.

A magnetometric characterization of the resulting super-
conducting transitions is presented in Fig. 1(e). The mag-
netic susceptibility was measured using a vibrating sample
magnetometer—superconducting quantum interference device
(SQUID). Because of the substrate contribution to the signal,
absolute superconducting volume fractions are impossible to
obtain.

The x-ray scattering experiments were performed at beam-
line 10-2 of the Stanford Synchrotron Radiation Lightsource
at the Stanford Linear Accelerator Center in Menlo Park,

California. X rays with photon energy 9 keV were used
to access a large Ewald sphere. The beam spot size was
~300 x 300 microns. The scattered intensity was measured
with an avalanche photodiode and with a solid-state detector.
The sample was cooled using a Displex cryostat. After elec-
trochemical oxidation, all samples were stored under ambient
conditions (300 K) for 1-2 days before quench-cooling to
cryogenic temperatures to perform the reciprocal space maps.
Temperature dependences were performed upon warming af-
ter quench cooling from 300 K.

III. RESULTS AND DISCUSSION

We begin by discussing the effect of electrochemically
doping the film+-substrate system with alkaline solutions of
relatively low base concentration, namely pH < 11. In this
case, only the La,CuQ, film is oxidized. We readily ob-
serve the segregation of dopant oxygens into evenly spaced
interstitial planes along the c-axis. This out-of-plane oxygen
ordering known as “staging” results in an antiphase boundary
of the CuOg¢ octahedral tilt pattern at the interstitial layers
[schematically depicted in Fig. 1(a)] and is well documented
in the case of bulk La;CuQOy,, [19-25], but it has not yet been
reported in films of the same material [26-28]. Figure 2(a)
shows a representative x-ray diffraction L-scan around the
(0,1,6) reflection associated with the unmodulated tilt pattern
recorded at 7 = 10 K for a sample processed in a solution of
pH 10 (throughout this paper, reciprocal-lattice coordinates
are labeled in the orthorhombic Bmab setting of the film).
Two satellites are clearly visible with an average separation
from the central peak corresponding to a staging period of
approximately 5.7 lattice parameters, which we refer to as
stage 6 [equivalent to one oxygen interstitial plane every three
unit cells; see Fig. 1(a)]. We attribute the incommensurability
of the staging peak to the presence of faults in the c-axis pe-
riodicity of the staging pattern. The temperature dependence
of the area under the satellites is shown in Fig. 2(b). As in
the bulk, the onset of stage 6 order is sharp around T =
250 K [20-22]. We emphasize at this point that the informa-
tion about interstitial oxygen ordering presented in this study
is obtained indirectly by measuring the staging diffraction
peaks, which are the result of scattering from modulations
of the CuOg octahedral tilt pattern. These modulations are
induced by the presence of the interstitial oxygens and are
therefore sensitive to their c-axis periodicity and the symmetry
of their in-plane ordering.

A striking difference with respect to previous studies on
the bulk system is seen in the in-plane spread of the staging
satellite reflections. Figure 2(c) shows an x-ray diffraction
reciprocal space map of the (H, K,L = 5.8) plane at T =
10 K. Whereas in bulk La;CuOy4y, the staging reflections
are peaked at in-plane coordinates (H, K) = (1, 0) and (0,1)
consistent with a checkerboard pattern, the staging reflection
shown in Fig. 2(c) is peaked along L but spread into a
ringlike distribution of intensity within the H-K plane with
a constant in-plane momentum |(H, K)| = 1, i.e., consistent
with a commensurate one-unit-cell periodicity with random
in-plane orientation. This novel diffraction ring indicates a
reduction of orientational order whose origin is not clear.
By considering the ringlike staging peaks alone, it would be
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FIG. 1. (a),(b) Schematic representation of the structural unit cells and oxygen ordering patterns in the La,CuO,4/LaSrAlO, film-substrate
system. (a) For electrolyte solutions with pH < 11 dopant oxygens penetrate the film alone, separating along the c-axis into evenly spaced
two-dimensional layers of interstitial oxygens. Within these layers the dopant oxygens are orientationally disordered (depicted schematically
by dotted yellow lines). (b) For pH 2> 12.5 dopant oxygens penetrate the substrate effecting a structural distortion (dark purple superstructure)
that is incorporated into the film promoting crystallization of the dopant oxygens within the interstitial layers. Dotted yellow lines indicate
the dopant-oxygen induced superstructure cell. (c) Schematic of the setup used to electrochemically intercalate oxygen into films of La,CuQOy,
grown on LSAO. (d) At the working electrode side to which OH™ ions are attracted, the film and the substrate are oxidized. During the short
duration of our treatment, the oxygen ions likely penetrate through the film into the substrate. (e) Magnetization normalized to the maximum
diamagnetic signal as a function of temperature for samples electrochemically doped in an alkaline solution (H,O+NaOH) with the indicated

pH levels.

natural to conclude that the electrochemical treatment has
caused the La;CuOy44, films to disintegrate into crystallites
or domains that undergo random rotations about the c-axis.
However, we point out that the La;CuQO4., nonstaging Bragg

peaks—i.e., integer L-values with (H, K) = (1, 0) and (0,1)—
remain sharp in both in-plane directions, indicating that the
crystallinity of the films is preserved. These apparently con-
tradicting observations seem to simultaneously indicate that
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FIG. 2. For a sample doped in a pH = 10 solution: (a) X-ray diffraction L-scan over the (0,1,6) reflex of La,CuQO,,, displaying two satellite
peaks that correspond to staging with period ~6. (b) Integrated intensity of the satellite peaks as a function of temperature, where the shaded
regions in panel (a) denote the integration ranges. (c) Reciprocal space map of the experimentally accessible (H, K) plane for L = 5.8 taken at
T = 10 K. The dotted circle indicates in-plane Q-vectors of equal length.

the Cu-O-Cu bond directions are randomly oriented within
the H-K plane, and that they obey the C4 symmetry of the
twinned lattice. Intriguingly, however, rather than a phase
separation scenario, the comparable widths along L of the two
reflections are consistent with a scenario in which both signals
arise from a single structure. Since the ring of intensity in
the H-K plane is only present at L-values that correspond to
the staging order, we conclude that any disorder phenomenon
evidenced by this diffraction pattern must be associated with
the staging of the electrochemically doped ions. Furthermore,
the staging diffraction ring is sharp in the radial direction,
suggesting the pattern originates from features within the
interstitial layers that inherit the periodicity and extended
correlation length of the preexisting orthorhombic tilt pat-
tern. The broad angular distribution of the intensity reveals
an orientational disorder that could possess an interesting
resemblance to two-dimensional glassy networks [29-31]. In
any event, the precise microscopic organization of interstitial
oxygens and tilted octahedra, which gives rise to the reduced
orientational order observed in Fig. 2(c), remains an open
question of this work. Thus, we now turn to discuss the effect
of using an electrochemical solution with a higher pH level.
Upon increasing the pH level of the electrolyte solution
to 12.5 and higher, the dopant oxygen ions were observed to
crystallize into a well-ordered structure within the interstitial
layer. Figure 3(a) shows reciprocal space maps of the H-K
plane for pH 14 at L-values 5.25 and 5.75 corresponding
to stage 4 ordering. A cluster of eight sharp peaks can be
observed in the vicinity of various high-symmetry in-plane
reciprocal space positions such as (H, K) = (0, 0), (0.5,0.5),

(0,1), with splitting values of (H % 5=, K & 5) and (H +
%,K + %). These staging peaks are as sharp as the main
film Bragg peaks in all three reciprocal space directions,
corresponding to a correlation length of order 10 nm. The
correlation lengths quoted in this paper are defined as &, . =
%, where FWHM is the full width at half-maximum
extracted from Lorentzian fits to the data. Due to technical
limitations, the temperature dependence of this oxygen order
[shown in Figs. 4(a) and 4(b)] could only be measured up
to 311 K, however an extrapolation of the measured trend
indicates an onset temperature of approximately 350 £ 20 K.
This is consistent with the in-plane ordering of interstitial
oxygens reported in Refs. [12,14], where the onset temper-
atures were found to be ~330 and ~350 K, respectively.
We note, however, that the size of the in-plane superstructure
observed in our films is doubled with respect to the ordering
pattern reported by Refs. [12,14,15]. Interestingly, a similar
superstructure pattern is common in “245” iron selenide su-
perconductors with V3 x /5 vacancy order [32,33]. Just as in
the iron selenides, there are two possible rotational domains.
These are denoted and color coded in Fig. 4(c), along with
their layout in reciprocal space in Fig. 4(d). Figure 3(b)
compares the L-dependence of each of the two domains. Each
domain has a slightly different L-dependent structure factor,
but the peaks are centered at commensurate values of L = n +
% (n is an integer). In other words, the in-plane superstructure
has a well-defined stage 4 order in the out-of-plane direction.

We now discuss how dopant oxygens crystallize into in-
plane superstructures in epitaxial La;CuQg.4,. Although in-
plane ordering of oxygen interstitials has been observed in
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FIG. 3. For a sample doped in a pH = 14 solution: (a) X-ray diffraction reciprocal space map of the (H, K)-plane at L = 5.75 and 5.25
(outline in blue) measured at 7 = 10 K. A cluster of eight peaks around commensurate Bragg positions as well as a remnant of the diffraction
ring near (0,1,5.75) can be observed. (b) X-ray-diffraction scans along L at in-plane (H, K) values corresponding to two of the oxygen
superstructure peaks; blue squares at (%, %) and red circles at (%, %). Vertical lines are drawn at every stage-4 position. (c) Scans along

Lat(H,K)= (%, %), where the peaks identified by a * symbol occur at half-integer values of L in reciprocal-lattice units of the substrate.

bulk La;CuO4, [12,14,15], the same has not been reported in the substrate-film interface where lattice mismatch and strain
epitaxially grown thin films. This may result from the intrinsic accommodation lead to the formation of structural defects.
disorder in thin-film materials, which originates in part at On the other hand, the substrate-film interface can serve as
a template for desired structural distortions in the epitaxial
film. In fact, with a sufficient oxidation power we found that

_: .53 : © ) '\\\l it was possible to oxidize the LSAO substrate, reducing its
8 £s lattice symmetry from tetragonal to orthorhombic or even
z é%z = lower symmetry. Due to their epitaxial relationship, both
8 25 1 the substrate and the film adopt similar distortion patterns.
=y BE 0 The following correlation was confirmed in all films studied:
50100 150 200 250 300 350 whenever the pH was high enough to generate substrate-based

K (r.lLu.) Temperature (K) structural distortions of the La,CuOg4, crystal structure, an

in-plane oxygen superstructure was also observed. The modi-

02 fication of the substrate lattice symmetry is evidenced by the

@ o . appearance of a series of otherwise forbidden reflections of

0.1 the substrate, including (1, 0, 6)-type orthorhombic diffraction

° ° peaks, which are present in the Bmab structure of La,CuQOy

X 0.0 but are not present in the tetragonal structure of the undoped

® ® LSAO substrate. A further set of reflections, forbidden in

01 e e both undoped LSAO and undoped La,CuQ,, are observed at

o2 half-integer reciprocal space coordinates (%', %, %) in units

T2 01 ol._(') 01 0.2 of both the film and the substrate. These are seen in Fig. 3(c),

which shows a reciprocal space scan along the (%, % L) di-
rection, demonstrating sharp diffraction peaks at half-integer
L. These peaks are temperature-independent up to 350 K,
implying that a stable lattice distortion was produced ex situ
by forcibly intercalating oxygen ions into the substrate. While
the in-plane correlation length of the half-order reflections
is on the order of 100 nm in the substrate, it is only 10 nm

FIG. 4. (a) Reciprocal space scans of one representative stage 4
in-plane superstructure peak for different temperatures, as labeled.
(b) The integrated intensity of the stage 4 peak plotted as a function
of temperature. (c) A representation in real space of the in-plane
unit cells associated with the two superstructure domains. The black

dots represent the planar Cu ions. A black square denotes the size of . T - : o
the orthorhombic in-plane unit cell. For simplicity, the orthorhombic in the film, indicating that the structural distortion originates

distortion is not shown. (d) In reciprocal space, each of the domains in the substrate and is adopted by the film due to their

creates a four-peak multiplet (color-coded according to the left panel) ~ epitaxial relationship. Furthermore, the appearance of the film
as observed in the data. staging peaks [Fig. 3(a)] clustered around in-plane reciprocal
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space positions (H, K) = (£0.5, £0.5) as well as (0, 1) and
(£1, 0) indicates that the in-plane oxygen superstructure is
associated with a periodic modulation of the substrate-assisted
distortion. This distortion provides a structural template that
helps to stabilize the oxygen superstructure, whose large cor-
relation length arises naturally from the extended substrate-
film interface.

Before being doped, our substrate LSAO has a tetrag-
onal lattice (a\,,=3.757 A, c%,, = 12.636 A), with
space group 14/mmm, i.e., no octahedral tilts. When doped,
LSAO has a distorted lattice in the plane, with average in-

plane lattice parameter a{'sh) s = 5.388 A (corresponding to

afsp0ss = 3-812 A) and out-of-plane cﬁrslg"o” = 12.637 A,
i.e., the presence of the additional oxygens in the LSAO
structure results in a dramatic 1.7% expansion of the in-
plane lattice constant. We speculate that the high density
of interstitial oxygens drives the structural distortion, which
in turn expands the in-plane lattice constant allowing more
room for the intercalated oxygen ions. This new structural
distortion in both the substrate and film may be analogous to
the monoclinic distortion observed in heavily oxygen-doped
La;NiOy,5 (LagNigOq7) [34]. Since the dopant oxygen ions
do not penetrate into the entire bulk of the LSAO substrate,
the lattice parameters after electrochemical oxidation have
been extracted from the doping-induced half-order structural
reflections. The half-order reflections in the LSAO substrate
have an out-of-plane correlation length of 44 nm, evidencing
that the dopant oxygens diffused at least this far (though pos-
sibly further) into the substrate. Since the flexible oxidation
state of the Cu ions in La,CuQy facilitates incorporation of
oxygen ions from the NaOH solution [17], it may be that
the electrochemical oxidation of the LSAO substrate is only
possible via the La,CuQ, electrode.

Due to the stable closed-shell electronic configuration of
all cations in the LSAO substrate (compared to the flexible va-
lence of Cu in La,CuQy), the mechanism by which oxidation
of the LSAO substrate occurs is not clear. With a dc voltage
of 0.6 V and a pH 2 12.5, it was possible to force oxygen
into the LSAO substrate via the conducting La,CuO, film.
To compensate for the charges induced by interstitial oxygens
(O;), it is suspected that oxidation of the regular oxygens
(Oreg) of the 214-structure occurs, Orze; +0O; — Or_eg + 07,
similar to that recently reported in the context of transition-
metal-oxide cathodes for Li-ion batteries [35]. Additionally,
oxides in contact with water are able to take up hydroxide
ions by either filling oxygen vacancies or by occupying in-
terstitial sites with charge compensation achieved by uptake
of the residual proton. The diffusion coefficient and size
requirements of hydroxide ions are typically similar to those
of oxygen, and their experimental distinction is difficult, in
particular in thin films. However, previous studies on electro-
chemically treated La,CuQy crystals found no indications of
OH™ intercalation [17].

IV. SUMMARY

In conclusion, we have identified a mechanism that gen-
erates unprecedented long-range three-dimensional oxygen
order in an oxide film using electrochemical techniques and
exploiting the epitaxial connection with the substrate. In our

case study of La;CuQy.,, we readily achieve both high su-
perconducting transition temperatures and staging behavior of
interstitial oxygens consistent with previous studies of bulk
La;CuOy4y [19-25]. For moderate oxidation power (pH <
11), the dopant oxygens form two-dimensional layers with
regular stacking along the c-axis, but they are orientationally
disordered within the a-b plane. For stronger oxidation power
(pH Z 12.5), the substrate can be oxidized resulting in an
altered crystal symmetry. The resulting structural template
is incorporated by the film and allows the dopant oxygens
to crystallize into oxygen ordering superstructures within the
interstitial plane. In bulk La;CuQOy,,, scale-invariant fractal
distribution of oxygen order has been shown to enhance su-
perconductivity [14]. Accordingly, thin-film La,CuQOy., with
tunable oxygen order in the interstitial planes may repre-
sent an interesting model system for future studies of order-
disorder transitions in two dimensions, and the connection
between fractal oxygen ordering and superconductivity. More
generally, tunability of oxygen ordering phenomena in oxide
thin films and heterostructures is an important step toward
harnessing the correlated electronic states with which they
interact.
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APPENDIX: CRYSTAL STRUCTURE OF
BULK L32CHO4+y

Above room temperature the crystal structure of the
undoped compound La,CuO,; undergoes a transition
from tetragonal to orthorhombic. Below the transition
temperature, the CuQOg octahedra of the “perovskite layer”
adopt a tilt pattern described by alternating clockwise and
counterclockwise rotations about the [100] axis, giving rise
to a series of diffraction peaks (called “tilt peaks”) with
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selection rules (0, K = odd, L = even). These tilts amount to
a buckling of the CuO; planes, which helps to accommodate
the chemical strain imposed by the rocksalt LaO layer [36].
In the doped compound, La;CuQOy,,, the dopant oxygens
intercalate into the LaO layers, consequently repelling nearby
apical oxygen ions of the undoped La,CuQy structure, and
producing reversals of the octahedral tilt directions. The
kinetics of the dopant oxygens at room temperature allow
them to anneal into highly ordered states, characterized by
c-axis segregation of the dopant oxygens into interstitial
planes (whereas the limited mobility of strontium or barium
ions in La;_,Sr,CuQOy4 and La;_,Ba,CuOy results in quenched
disordered states). This phenomenon is known as “staging”
and has been well studied in the bulk compound [20-25]. The
result is a superlattice of tilt-sense antiphase boundaries along

the c-axis, whose stage period depends on the amount of
dopant oxygen y [Figs. 1(a) and 1(b)]. These planar antiphase
boundaries reduce the global energy cost associated with the
tilt reversals caused by the intercalated dopant oxygens. As
the staging effect modulates the phase of the orthorhombic
tilt pattern along the [001] direction, it can be observed in a
diffraction experiment as a set of satellite peaks along the out-
of-plane L-direction surrounding the orthorhombic tilt peaks
described above. For instance, in the bulk compound a period
N-stage order manifests peaks of the kind (0, 1,2n &+ Iiv),
where n is an integer and N is measured in units of the c-axis
lattice parameter. The films cited in this work are twinned
and the measured lattice constants are a = 5.40 A in the
plane, and ¢ = 13.25 A. On average, the La,CuQy films have
partially relaxed the compressive strain of LSAO.
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