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A recent theoretical study [Phys. Rev. B 85, 121411(R) (2012)] predicted a thickness limit below which
ideal polar cuprates turn nonpolar driven by the associated electrostatic instability. Here we demonstrate

this possibility by inducing a structural transformation from the bulk planar to chainlike structure upon
reducing the SrCuQ, repeat thickness in SrCuO,/SrTiO; superlattices with unit-cell precision. Our results,
based on structural investigation by x-ray diffraction and high resolution scanning transmission electron
microscopy, demonstrate that the oxygen sublattice can essentially be built by design. In addition, the

electronic structure of the chainlike structure, as studied by x-ray absorption spectroscopy, shows the

signature for preferential hole occupation in the Cu 3d;
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Atomic engineering of complex oxide thin films is now
reaching a new paradigm: the possibility to control and
measure the structure of the oxygen sublattice. The oxygen
sublattice in oxide systems plays a pivotal role in determin-
ing the underlying structure, chemical bonding, and
structure-property correlation. In the case of perovskite
oxide materials, known for their wide range of useful
properties and as promising candidates for novel electronic
applications, the following situation is often encountered:
an ionic thin film with a crystal structure consisting of
alternating layers of nominally opposite charge grown on
a substrate with nominally charged neutral layers produces
a dipole and associated electrostatic field [1,2]. In such
polar systems, the electrostatic energy due to the existing
dipole layer is dependent on the film thickness and could
counter the stabilizing effect of epitaxial strain. When
the electrostatic energy is too large, the thin film system
responds by redistributing the charge to neutralize the
dipole [1,2], which ultimately results in altered properties
at the interface [1-6]. Various charge redistribution mecha-
nisms can be at play: charge compensation by nonstoichi-
ometry, adsorption of foreign atoms or ions, electronic
charge redistribution, and, finally, structural transformation
by atomic rearrangement [7-10]. In particular, the theo-
retical studies predict that the polarity of nanoscale objects
and ultrathin films can be avoided by a structural trans-
formation [8-11].

The infinite layer SrCuO, (SCO) is an example of a
polar system [12] and is widely known to be a parent
structure for high-7, cuprate superconductors [13-15].
Its structure can be considered as an oxygen deficient
perovskite, with Cu?' ions coordinated to four planar
O?” ions and no O?~ ions in the Sr’* plane [Fig. 1(a)].
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_ 2 orbital, which is different from the planar case.

PACS numbers: 68.37.Ma, 78.70.Dm, 73.21.Cd

These alternating layers with nominal charge of =2e¢ (in a
purely ionic model) cause a buildup of electrostatic energy
of ~8 eV per unit-cell (uc) of SCO. This value constitutes
a strong electrostatic instability and makes the infinite
layer structure highly polar. For very thin films of such
materials, electronic charge transfer, which is a monotonic
function of film thickness, as has been proposed by Zhong
et al. [10] does not appear to be sufficient to quench the
electrostatic instability. Surprisingly, a structural transfor-
mation involving the displacement of lighter atoms turns
out to be the preferred mechanism. The study by Zhong
et al. [10] on infinite layer cuprates predicts a transforma-
tion from the bulk planar to a chainlike structure for ultra-
thin films of about 5 uc thick. The resulting chainlike
structure incorporates an O?~ ion in the Sr’*-plane as
opposed to the planar structure and thus consists of charge
neutral SrO° and CuQ° layers [Fig. 1(b)]. The movement
of an O ion to the Sr’>*-plane reduces the anisotropy of
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FIG. 1 (color online). Schematics of the (a) planelike and
(b) chainlike crystal structures for tetragonal SCO. For clarity,
we indicate the oxygen displacement by arrows in (a) that trans-
form the planelike structure into chainlike one.
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the structure and acts as an apical center for the Cu®>* ions
and thus offers the possibility for realizing the hole char-
acteristic at Cu 3d;,2_ » orbital as demonstrated by us using
polarized x-ray absorption spectroscopy (XAS). Besides
the aforementioned phenomena, Aruta et al., [16] hypothe-
size on another mechanism via oxygen redistribution in the
interfacial planes, which could alleviate the built-in poten-
tial without any electronic redistribution, to explain their
experimental results using hard x-ray photoelectron spec-
troscopy on CaCuQ,/SrTiO; superlattices (SLs) prepared
under different oxidizing conditions.

In this Letter, we show that an atomic rearrangement of
oxygen ions occurs within the bulk of the layers of SCO
below a certain thickness. We study SCO/SrTiO; (STO)
SLs grown by pulsed laser deposition (PLD). In situ moni-
toring with reflective high-energy electron diffraction
(RHEED) allows us to control the thickness of SLs with
unit-cell precision. Our results based on structural and
spectroscopic signatures unambiguously demonstrate a
transformation from planar to chainlike structure in ultra-
thin films of SCO. Besides being an interesting model
system to study such dramatic structural changes and their
formation pathways, we demonstrate that the oxygen sub-
lattice can be effectively engineered by systematic variation
of the individual sub-layer thicknesses in the SL, giving
each layer a specific function, for example, current-carrying
layers, charge reservoirs, and scaffolding layers.

All the SLs were grown on TiO,-terminated [17] (001)-
oriented STO substrates by reflection high-energy electron
diffraction (RHEED) assisted PLD. The deposition condi-
tions have been optimized to result in the growth of the
infinite layer tetragonal phase of SCO (see Supplemental
Material, Fig. S1) [18]. The structural characterization was
carried out using x-ray diffraction, high-resolution scanning
transmission electron microscopy (STEM) and composition
by electron energy loss spectroscopy (EELS). High-angle
annular dark-field (HAADF), annular bright field (ABF)
STEM images and EEL spectra were acquired using a FEI
Titan? 80-300, equipped with a double aberration corrector.
The spatial resolution of the STEM images is 1 A and the
energy resolution of the EELS spectra is 1.1 eV. The ABF/
ADF images are recorded with an annular detector, captur-
ing scattering from 26 to 60 and from 15 to 24 mrad,
respectively. The image simulations [inset in Fig. 4] are
obtained using STEMSIM [19] and considering a supercell
consisting of 5 X 5 unit-cells with a total of 180 X 180
pixels. Polarized XA spectra were acquired at beam line
4.0.2 at the Advanced Light Source in total electron yield
mode by monitoring the sample drain current.

We first present the results of the structural investigation
of two types of SLs: (i) [(SCO),,/(STO), |, where m equals
the number of unit cells of SCO that varies from 3-16 and
(i) a hybrid structure consisting of SCO layers of dif-
ferent thicknesses: [(SCO)g/(STO),/(SCO);/(STO), 0.
In Figs. 2(a) and 2(b) we show the 6—-26 x-ray diffraction
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FIG. 2 (color online). (a) 6-260 XRD spectra of

(a) [(SCO)3/(STO), 15 and (b) [(SCO)s/(STO), ]y SLs grown
on (001)-oriented STO. The intense peaks belong to the STO
substrate, and peaks indexed by SL refer to the satellite peaks
from the SL structure. (c) Average c-axis lattice parameter as a
function of SCO thickness for [(SCO),,/(STO),l,, SLs. The
horizontal dashed line marks the reported bulk c-axis lattice
parameter for infinite layer SCO.

(XRD) patterns for two representative SLs: [(SCO);/
(STO), 159 and [(SCO)g/(STO), 1»y. A signature of satellite
peaks corresponding to the SL structure is observed in both
cases, which demonstrates the structural quality of the SLs.
The [(SCO)3/(STO), 1,y SL also displays distinct finite-size
oscillations arising from the finite thickness of the film,
which are absent in the [(SCO)g/(STO), |59 SL. As noticed
from the RHEED spectrum and the atomic force micros-
copy (AFM) images, the overall film roughness increases
with increasing SCO layer thickness (see Supplemental
Material, Fig. S2 [18]). Apparently, 2 uc of STO is not
sufficient to repair the roughness of the preceding SCO
layers. The average c-axis lattice parameter estimated
from the zeroth order satellite peak positions is plotted as
a function of the SCO thickness (m) in the SLs in Fig. 2(c)
and provides key information about the arrangement of
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oxygen ions surrounding the Cu ions in the SCO films.
A clear trend of decreasing average c-axis lattice parameter
is observed as m increases, ranging from 3.84 to 3.36 A for
[(SCO);/(STO), ]y and [(SCO)g/(STO), lng, respectively.
Most importantly, the average c-axis lattice parameter
levels out at a value close to the expected bulk SCO value
(a=b=23.926 A and ¢ = 3.432 A) [20] for m = 8. The
increase in the average c-axis lattice parameter at lower m
suggests that the SCO layers undergo a gradual structural
transformation to the chainlike structure characterized by
an elongation along the ¢ axis.

Further insight into the structural transformation was
obtained by a detailed STEM study. Figure 3(a) shows a
HAADF-STEM image of the SL (m = 3) in which the
heavy atom columns show up as bright spots in the atomic
resolution image. It can be seen that the (STO), and
(SCO); layers grow epitaxially with respect to each other.
Using the unit-cell parameter of the STO substrate
(a = 3.905 A) as an internal calibration, the c-axis lattice
parameters of both (STO), and (SCO); layers are precisely
measured to be 3.83(3) A. This is in good agreement to the
value of average c-axis lattice parameter for (SCO); layers
from the XRD study. Note that the c-axis lattice parameter
of STO in the SL is also slightly reduced with respect to the
bulk STO value (3.905 A). When using HAADF-STEM,
the intensity of the atomic columns scales with the atomic
number Z of the atoms present in the column [21]. In this
case, the contrast difference between STO and SCO layers
is limited due to the very similar atomic weight of the
columns. Therefore, EELS was performed to confirm
the chemical composition of the layers in a direct manner.
The inset of Fig. 3(a) is a color map obtained from EELS
showing the distribution of Ti and Cu signals across the
film indicating the SCO and STO layers and confirms the
designed SL structure with some intermixing of Ti into
SCO. Detailed EELS analysis reveals that the Ti signal
remains 4% and the oxygen content is reduced with respect
to the STO layer. This is consistent with a picture of
some intermixed octahedrally coordinated Ti atoms while
the Cu ions remain planar coordinated in either plane or
chain-type.

To investigate the c-axis lattice parameter variation
with SCO thickness, the hybrid [(SCO)g/(STO),/(SCO);/
(STO),],p SL was also investigated by STEM. Its SL
structure model is sketched in Fig. 3(b) together with a
HAADF-STEM image. The c-axis lattice parameter from
the HAADF-STEM image for the (SCO)g layers is mea-
sured to be 3.43(3) 10\, which is 10% less than that of the
(SCO); layers [3.83(3) Al in the same film [Fig. 3(b)]. This
clearly illustrates the distinction in relation to the c-axis
lattice parameter between (SCO)g and (SCO); layers and
supports our XRD results. The inset of Fig. 3(b) is a color
map obtained from EELS that shows the distribution of Ti
and Cu signals across the film indicating the SCO and STO
layers, in agreement with the as designed structure.
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FIG. 3 (color online). HAADF-STEM image (with its SL
structure sketched at the left side) for (a) [(SCO);/(STO), 1
and (b) [(SCO)g/(STO),/(SCO)3/(STO), 1,9, respectively. The
insets are the low pass filtered elemental color map [red = Ti
(ash gray); blue = Cu (deep gray)] obtained with EELS and it
agrees with the as-designed model. The c-axis lattice parameters
estimated for different layers are indicated in the images.

Since the arrangement of the oxygen atoms is different
for chain and planelike SCO layers, it is important to
directly identify the oxygen ions on a local scale. ABF-
STEM imaging collects the low angle scattered electrons as
an alternative to HAADF-STEM, which collects electrons
scattered to higher angles. As a consequence, ABF-STEM
is more sensitive to the light atoms whereas HAADF-
STEM mostly maps the heavy atoms [22]. Combining
both techniques in a color map therefore gives a unique
opportunity to monitor the positions of the oxygen atoms
with respect to the heavy atoms. Such a superimposed color
map is presented in Fig. 4 with the low angle scattering
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FIG. 4 (color). Combined color map from the simultaneously
acquired ADF (red) and inverted intensity ABF image (green).
The yellow peaks indicate the heavy elements (Sr, Cu, and Ti)
while the green peaks highlight the light elements (O). A clear
structural difference is seen between the SCO5 (chain) and the
SCOg (planar) layer, which is confirmed by comparing to
simulated images (insets) in the respective layers. A structural
model is overlaid.

events (ABF-STEM) in green and the high angle (HAADF-
STEM) ones in red. The columns containing heavy ele-
ments (Sr, Cu, and Ti) together with oxygen atoms are
visible as yellow (overlay of red and green) dots whereas
the columns containing only oxygen atoms are visible in
green. We clearly observe the oxygen columns between all
the heavy atomic columns in (SCO); and (STO), layers but
no oxygen in the Sr planes of the (SCO)g layer. This
directly confirms the planar-arrangement [Fig. 1(a)] of the
oxygen atoms in the (SCO)g layer. However, the arrange-
ment of the oxygen atoms in (SCO); is in agreement with
the chainlike structure as depicted in Fig. 1(b). Simulated
images assuming these structures are shown to guide the
reader in interpreting the subtle differences visible in Fig. 4.
Thus, we clearly view a thickness-dependent structural
transformation via oxygen-rearrangement throughout the
bulk of the SCO layer unlike to a recent hypothesis by
Aruta et al. [16] based on a rearrangement of oxygen ions
only at the interface between CaCuO, and STO.

In order to determine how the Cu 3d orbital occupancy is
modified by the structural transformation, we performed
XA spectroscopy using linearly polarized x rays. By
changing the direction of the x-ray polarization (E vector)
relative to the sample surface, one can probe the angular
dependence of the empty valence states. In particular, the
electronic transition intensity scales with the number of
empty orbitals in the direction of E. The linearly polarized
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FIG.5 (color online). Polarized XA  spectra for
(a) [(SCO)s/(STO),]s and (b) [(SCO);/(STO),];y SLs. The
insets show schematics for the d orbitals where the hole is
preferentially localized.

x rays were incident upon the sample with a 60° angle
relative to the sample normal, and the E vector was either
in-plane or at a 30° angle relative to the sample normal
(i.e., the c axis of the SL). To avoid charging effects during
the measurement, the [(SCO);/(STO),];o and [(SCO)s/
(STO), s SLs were grown on Nb-doped (0.05% at.) STO
substrates. Figure 5 shows the XA spectra at the Cu L;3
edges for ((SCO);/(STO),),o and (SCO)g/(STO),)s SLs
with the E vector aligned in-plane and canted out-of-plane
relative to the ¢ axis of the SL. For both SLs, the peaks at
the Cu L, 3 edges (i.e., at about 930 and 950 eV) corre-
spond to transitions from Cu 2p3/, to Cu 3d and Cu 2p, /»
to Cu 3d orbitals respectively. These transitions are
referred as 2p®3d° — 2p°3d'?, where an electron from
the Cu 2p is promoted to the Cu 3d orbital [23,24].
In Fig. 5(a), we observe a strong dependence of the
spectral intensity on the polarization direction for the
[(SCO)4/(STO),]5s SL, with a significantly higher absorp-
tion when E is aligned in-plane compared to when it cants
out-of-plane. In addition to the main Cu Lj peak, a second
significantly weaker peak is observed ~4.6 eV higher in
energy. In previous studies on oxygen deficient
YBa,Cu3 04, this peak has been related to a small content
of monovalent Cu [25]. The stronger absorption for the in-
plane E vector indicates that most of the Cu sites have
holes occupying the d,»_ > orbital. However, the scenario
differs for [(SCO);/(STO),],o SL [Fig. 5(b)] due to the
presence of apical oxygen. In this case, the peak intensity
and spectral shape are found to be nearly identical irre-
spective of the orientation of the E, an indication that the

holes are distributed equally over the d» > and dj.
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orbitals. Because of the symmetry of such an angular
distribution, the transition intensity is equal in all principal
directions, as well as any angles between the principle
axes, and no linear dichroism is observed. The Cu spectra
are characterized by two weak peaks in addition to the
main Cu Lj peak, namely the monovalent Cu peak and a
shoulder at ~1.4 eV above the main peak, which is usually
ascribed to the 3d'°L final-state configuration, where L
denotes a 2p hole at the oxygen sites [26]. It should be
noted that there might be additional factors that contribute
to the XA spectra, such as oxygen defects and/or the
interfacial oxygen [27,28], which can give rise to apical
site for Cu ions. However, these secondary effects cannot
fully account for such a marked difference.

In summary, we have experimentally shown a structural
transformation (planar to chainlike) occurring via atomic
reconstruction in ultrathin films of SrCuO,. The experi-
ments follow the theoretical prediction of a strong electro-
static instability associated with the polar nature of
layered cuprates that drives the system for atomic re-
arrangement. Our findings clearly reveal an increase of
c-axis lattice parameter by ~0.5 A and the presence of
oxygen ions in the Sr plane for ultrathin SrCuO, films
contrary to its bulk counterpart. Combination of ABF
and ADF imaging directly visualizes the change in po-
sition of the oxygen atoms. This observation is further
complemented with polarized XAS experiments showing
a clear distinction between the planar and chainlike
structure with respect to hole distribution at Cu site.
We believe that our finding will trigger activities to
design novel cuprate heterostructures with alternation
of chain and planelike layers (the basic building-blocks
in cuprates) to look for high-T. superconductivity. As a
final remark, we would like to point out that our finding
of chainlike structure in ultrathickness limit could hold
the key as to why ultrathin cuprates do not exhibit
superconductivity.
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