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Understanding the physical properties of the chain-ladder Sr3Ca;;Cu,404; hole-doped superconductor has been
precluded by the unknown hole distribution among chains and ladders. We use electron energy-loss spectrom-
etry (EELS) in a scanning transmission electron microscope (STEM) at atomic resolution to directly separate the
contributions of chains and ladders and to unravel the hole distribution from the atomic scale variations of the O-K
near-edge structures. The experimental data unambiguously demonstrate that most of the holes lie within the
chain layers. A quantitative interpretation supported by inelastic scattering calculations shows that about two
holes are located in the ladders, and about four holes in the chains, shedding light on the electronic structure of
Sr3Ca;1Cuz4044. Combined atomic resolution STEM-EELS and inelastic scattering calculations is demonstrated as
a powerful approach toward a quantitative understanding of the electronic structure of cuprate superconductors,

offering new possibilities for elucidating their physical properties.

INTRODUCTION

The quasi-one-dimensional chain-ladder cuprate Sry4_,Ca,Cu,,04;
has attracted much attention over the past decades for its appealing
physical properties. While it is electrically resistive for x = 0, it becomes
conductive upon Ca doping. A superconducting behavior has been
predicted (I1-3) and then experimentally demonstrated (4) under high pres-
sure (3 GPa) and at a high doping level (x = 13.6). Abbamonte et al. (5)
suggested the existence of a hole Wigner crystal originating from
electronic correlations within the hole-doped ladders of the parent com-
pound Sr;4Cu,404; (SCO), thereby demonstrating the competition be-
tween superconductivity and an insulating phase within the ladders.
Sr14-,Ca,CuyyOy; is also unique from a structural point of view. In
all other cuprate superconductors, copper oxide units are solely ar-
ranged in CuO, planes. In contrast, Sry4_,Ca,CupsOy; is composed of
two alternating stacked copper oxide planes: corner-shared CuO,
chains and edge-shared Cu,0; ladders interleaved with Sr(Ca)
cation planes (Fig. 1). Following the conventional valency rules of Sr
and Ca (2+), O (2-), and Cu (2+), there must be missing electrons
(added holes) that are responsible for the conductive properties of
Sr14-.Ca,CupyOyy.

Understanding the physical properties of this chain-ladder com-
pound requires the knowledge of the exact hole distribution within
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the chains and the ladders. SCO is naturally doped with six holes per
formula unit (f.u.), and the total number of holes does not vary with
isovalent Ca substitution for Sr. Several estimates of the hole distribu-
tion have been reported in literature, using different approaches such
as x-ray absorption spectroscopy (XAS) (6-9), x-ray emission spectros-
copy (XES) (10), nuclear magnetic resonance (NMR) (11, 12), Hall ef-
fect measurements (13), infrared reflectivity (14), and bond valence sum
analysis based on structural coordination data extracted from x-ray (15)
or neutron (16, 17) diffraction measurements. However, they present a
wide disparity as a result of major differences in the interpretation of the
results. Most studies indicate that more than 5 holes per f.u. are confined
within the chains of SCO and that only a fraction of holes is transferred
from the chains to the ladders upon Ca doping. In contrast, the anal-
ysis of optical measurements of Osafune et al. (18) indicates a transfer
to ladders of ~2 holes per f.u. upon doping with x = 11, a result supported
by the bond valence sum analysis of Deng et al. (17). Finally, O 1s XAS
analysis indicates an equal distribution of holes among chains and
ladders in SCO and the transfer to ladders of more than 1 hole per
f.u. upon Ca doping (7). Nevertheless, all studies seem to agree on the
linear dependence of the hole number in chains (or ladders) on Ca
doping.

The vast majority of spectral information available on cuprate su-
perconductors is gathered using probes with spatial resolutions of
typically a few micrometers or several hundred nanometers, such as
XAS, XES, angular-resolved photoemission spectroscopy, or x-ray
photoemission spectroscopy, thus integrating over all Cu-O planes in
the structure and making the distinction among the contributions
of nonequivalent Cu planes challenging. It should be mentioned that
electron energy-loss spectrometry (EELS) has also been used to study
the character (19, 20) and symmetry (21, 22) of the hole states in cup-
rate superconductors with high critical temperature (T.) but without
atomic plane resolution. However, EELS combined with aberration-
corrected scanning transmission electron microscopy (STEM) is highly
spatially selective. The technique allows the probing of the chemical
bonding and the electronic structure at the atomic scale (23, 24) by
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Fig. 1. Crystal structure of SCCO and O-K near-edge structures. (A) SCCO structure. (B and C) Annular dark-field (ADF)-STEM images viewed along the
[100] (B) and [001] (C) zone axes. Ca and Cu elemental maps (bottom) were obtained using the Ca-L, 5 and Cu-L, 3 edges, respectively. Weighted principal
component analysis (PCA) was applied to reduce the noise level. Unlabeled scale bars, 1 nm. (D) O-K edge onset recorded along the [100] and [001] zone axes. H
and U indicate the O 2p hole and upper Hubbard band peaks, respectively. The energy resolution was obtained using a monochromator and was comparable

to XAS measurements.

using inelastically scattered electrons from a sub-angstrém probe and
is therefore perfectly suited to separate signals from individual
independent Cu planes (25-27). Furthermore, the energy-loss near-
edge structures (ELNES) arising from transitions to unoccupied states
of a particular energy allow the mapping of electronic orbitals (28) and
the localization and identification of the relevant electronic structure
information at the atomic scale. Recently, the qualitative real-space map-
ping of holes has been demonstrated in a series of YBa,Cu30¢,5
compounds (27). Whereas a direct visualization of holes can be relevant
in itself, the quantification of hole concentrations with atomic resolution
is of paramount interest to further understanding the electronic struc-
ture and physical properties of hole-doped superconductors from the
nano- to the macroscale. To date, this challenge has not been met.

RESULTS

Here, the hole distribution in the chain-ladder superconductor
Sr3Ca;;Cuy,O4; (SCCO) is investigated with STEM-EELS at the atomic
level, at room temperature and a pressure of about 10 mbar, using
the O-K pre-edge ELNES (see Fig. 1D). The O-K pre-edge ELNES is
composed of the hole band (peak H) associated with the O 2p orbitals
(19, 20) involved in the Zhang-Rice singlets (29) and the upper
Hubbard band (peak U). The small anisotropy observed in the mono-
chromated spectra is largely related to the averaging of orientation-
dependent effects associated with the use of large convergence and
collection angles in STEM-EELS. However, spectral features are in
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excellent agreement with previous data recorded in polarized XAS
(6, 7). Spectrum image (SI) data cubes were recorded with the incident
electron beam along the [100] and [001] zone axes of SCCO, simulta-
neous with the annular dark-field images shown in Fig. 2. After
correcting for spatial drift during acquisition (see the Supplementary
Materials for details), the spectral information contained in each SI is
projected along the direction parallel to the chains and ladders; the
data recorded in the [001] zone axis are projected along [100] and vice
versa. It is apparent that the O-K fine structures at the edge onset sig-
nificantly vary from chains to ladders for both specimen orientations:
peak H strongly fluctuates as a function of the spatial position, reaching
its maximum intensity on the chains and its minimum on the ladders.
This observation is further confirmed by a similar experiment at the Cu-
L edge (fig. S4), indicating that most holes lie within the CuO, chains of
the structure.

To evaluate the relative hole concentration within the chains and
the ladders, we quantified the spatial variation of the O 2p hole band
by modeling the O-K pre-edge ELNES. The spatial separation of the chains
and ladders achieved using STEM-EELS is highly important because it
avoids having to resort to comparison with pure chain and pure ladder
reference spectra (9), which can induce some material-dependent effects.
Gaussian functions have been used to quantify the spectra following the
methodology commonly used in XAS (7). Note that the present spatially
resolved EELS data have been acquired with a lower energy resolution
compared to typical XAS experiments, further justifying this choice as a
reasonable approximation. Two Gaussian functions were used to fit
the O 2p hole band and the upper Hubbard band, respectively. The
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Fig. 2. Qualitative hole distribution. (A and B) ADF-STEM images and O-K edge onset in the [001] (A) and [100] (B) zone axes. The O-K edge onsets
highlight intensity variations of the O 2p hole (H) and upper Hubbard (U) bands, whose positions are indicated by red and black arrows, respectively.
The ADF-STEM images are represented after alignment (see the Supplementary Materials). Scale bars, 5 A.

continuum of states at higher energy was modeled by a step function (30).
The energy of the Gaussian functions was determined after modeling
monochromated EELS data, as shown in Fig. 3, B and F, and their full
widths at half maximum (FWHM) were evaluated by accounting for
the energy resolution decrease between the monochromated and the
non-monochromated electron source (see the Supplementary Mate-
rials). The spatially resolved data were fitted with the determined energy
position and the extrapolated FWHM, leaving the peak intensities as the
sole free parameters. It should be mentioned that the independent oxy-
gen sites in chains and in ladders have different O 1s core electron
binding energies, which would lead to different energies for the doped
holes. However, the relative core-level shift estimated from electronic
structure calculations in SCO is negligible (8), and the experimental
chemical shift arising from hole doping in other cuprates such as
La,_,Sr,CuO,_; is a few tenths of electron volts for doping levels of a
few tenths of holes per Cu (31). In comparison with the spectral width of
the present experimental peak H (~1.9 V), the differences in O 1s core
electron binding energy can be safely neglected.

Examples of the resulting fits of the STEM-EELS data are shown
in Fig. 3. The intensity of the Gaussian function used to model the O 2p
hole peak decreases from chains to ladders, as shown in Fig. 3, Cand D,
for [001] and Fig. 3, G and H, for [100]. The fitting process was applied
to 10 SI data sets acquired in both zone axes. The hole concentrations
obtained from this fit are reported in Table 1. Assuming a total of 6 holes
per f.u., and that the hole number is directly related to the intensity of
peak H with the same spectral weight for ladders and chains, the
relative hole concentration within the chains and the ladders along
[001] ([100]) is evaluated to be 4.08 + 0.26 (4.01 +0.28) and 1.92 +
0.26 (1.99 + 0.28), respectively. As expected, the hole concentrations
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determined in the [100] and [001] zone axes are similar within the
range of error, leading to average values of ~4 holes in the chains
and ~2 holes in the ladders, corresponding to ~0.4 hole per Cu in
chains and ~0.14 hole per Cu in ladders (considering a 10:14 ratio
of Cu atoms in chains/ladders). Accordingly, the upper Hubbard
band, which should decrease with higher doping, is weaker in the
chains than in the ladders as shown in Fig. 3I. These measurements
are consistent with a lower doping per Cu for the ladders, as suggested
in La,_,Sr,CuQ,_s (32).

A reliable quantitative interpretation of the O-K ELNES requires
taking into account the channeling of the electron beam along the
atomic columns and the relative sensitivity of the O 2p hole peak in
chains and in ladders (that is, the spectral weight per hole in chains
versus ladders). The nearly identical Cu-O interatomic spacing and
similar chemistry in chains and ladders suggests that the hole sensi-
tivity of the chains is similar to that of the ladders. To quantitatively
evaluate the influences of electron-beam channeling and orientation
dependence, we performed inelastic channeling scattering calcula-
tions (see the Supplementary Materials for details). The results are
summarized in Table 2. On one hand, the inelastic intensity coming
from the ladders when the electron beam is on the chains (and vice
versa), which we will refer to as cross terms, represents less than ~17%
of the total inelastic intensity, which is of the order of experimental un-
certainty. In other words, a very good spatial separation of the chain
and ladder signals is achieved under these experimental conditions.
This result confirms the validity of the experimental STEM-EELS ap-
proach used here. On the other hand, these cross terms are of the
same magnitude as the small differences in calculated inelastic inten-
sities coming from the chains when the electron beam is in a chain
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Fig. 3. Spectral fitting and quantitative hole distribution. (A) SCCO structure in the [001] zone axis. (B) Modeling of the monochromated O-K edge onset
in SCCO in the [001] zone axis. (C) Modeling of the spatially resolved O-K edge onset in SCCO corresponding to chains in the [001] zone axis. (D) Same as in (C)
for spectra corresponding to ladders. (E to H) Same as in (A) to (D) for the [100] zone axis. Two Gaussian functions were used to model the O 2p hole band (red
solid lines) and the upper Hubbard band (UHB) (green solid lines). The edge onset at higher energy (gray solid lines) was modeled using a step function (30).
The energy and FWHM of the Gaussian functions were determined from the monochromated spectra in (B) and (F), and only the intensity of the functions was
left as free parameters during the fitting process. (I) O 2p hole band and upper Hubbard band fit over a full spectrum image acquired in the [001] zone axis.

Table 1. Hole concentrations (per f.u.) in chains and ladders. The error
bars correspond to the SD over all data sets analyzed and adjustment of the
absolute energy positions of the O 2p hole band and the upper Hubbard band.

Ladders Chains
[100] 1.99 + 0.28 4,01 £ 0.28
[001] 1.92 £ 0.26 4.08 £ 0.26

position and from the ladders when the electron beam is in a ladder
position. This suggests that the O-K ELNES has similar sensitivity to
holes in chains and ladders under our experimental conditions and
confirms that the expected inelastic intensities recorded in [100] and
[001] are comparable.

Bugnet et al. Sci. Adv. 2016;2:e1501652 25 March 2016

DISCUSSION

The inelastic channeling calculations confirm the hole concentrations
that were directly estimated from Gaussian fitting. First, it is important
to highlight that this theoretical approach strongly suggests a spectral
weight of 1:1 in chains/ladders, which validates the general assumption
made to interpret the XAS data (6, 7). Second, the extracted STEM-EELS
data for x = 11 are compared with literature values in Fig. 4. Overall, the
value of ~2 holes in the ladders follows the general tendency that most of
the holes are in the chains upon heavy Ca doping. Specifically, this value
is slightly higher than those reported in most of the existing studies
(6,9, 11, 13). It is also lower than those extracted from optical measure-
ments (18) and neutron diffraction using bond valence sum calculations
(17). The present study qualitatively and quantitatively shows a higher
hole concentration within the chains as compared to the XAS investi-
gation of Rusydi ef al. (7), where it was reported that the holes are
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Table 2. Calculated contributions of chains and ladders to the total inelastic intensity.

Orientation Beam position

Inelastic intensity from ladders (a.u.)

Inelastic intensity from chains (a.u.)

[100] Ladders

155,956 (~84%)

28,902 (~16%)

Chains

17,683 (~7%)

240,596 (~93%)

[001] Ladders

139,527 (~84%)

26,567 (~16%)

Chains

35,524 (~17%)

177,920 (~83%)

[
® i
1

® . *n |

Hole number in ladder layer (per f.u.)
w
T
[

ol &en

Ca content (x)

Fig. 4. Hole distribution within the ladders versus Ca content in
Sr14-xCa,Cuz4044. The hole distribution from this work (red cross) is indi-
cated in comparison with room-temperature data taken from published
works [green triangle: optical measurements, Osafune et al. (18); orange
star: O 1s XAS, Niicker et al. (6); purple diamond: Hall effect, Tafra et al. (13);
black circle: Cu 2p XAS, Huang et al. (9); blue square: O 1s XAS, Rusydi et al. (7);
dark cyan square: ©*Cu and '”O NMR, Piskunov et al. (11); gray hexagon: neu-
tron diffraction, Deng et al. (17)].

mainly localized in the ladders for x = 11, inducing a large hole transfer
from chains to ladders upon Ca doping. It is important to stress that
STEM-EELS coupled to inelastic channeling calculations is the only
approach used so far that permits direct visualization and evaluation
of hole concentrations in ladders and chains independently,
highlighting the relevance and significance of the results reported here.

A major consequence of the STEM-EELS analysis is that the data
reveal an apparent incompatibility between the hole distribution in
superconducting SCCO and the presence of a hole Wigner crystal in
SCO that was suggested by resonant x-ray scattering (5) and explained
with a nearly equal distribution of holes (7) in chains and ladders for
x=0. However, note that the Wigner crystallization of holes has been
reported on the parent compound (x = 0), in contrast to the present
STEM-EELS experiments, and this calls for complementary experi-
ments using both STEM-EELS for hole localization and resonant x-ray
scattering on a wide range of Ca doping levels. Polarization-dependent
work with sufficient spatial resolution to resolve chains and ladders is

Bugnet et al. Sci. Adv. 2016;2:e1501652 25 March 2016

not possible with current instrumentation, but could be exploited in the
future to further understand earlier experiments.

In summary, the hole distribution among chains and ladders in
SCCO has been probed by STEM-EELS at atomic resolution. In con-
trast to XAS and other techniques that probe both chains and ladders
simultaneously, STEM-EELS directly distinguishes the signals coming
from chains and ladders independently. A qualitative analysis of the
results indicates that the chains hold most of the holes. A quantitative
analysis is proposed based on the Gaussian fitting of the O-K ELNES
pre-edge structures and supported by inelastic channeling calcu-
lations, which account for both channeling effects and spectral weight
differences in ladders and chains. The combination of the electronic
structure fingerprint in the ELNES, atomic resolution in the aberration-
corrected STEM, and inelastic scattering calculations opens the way
to a better understanding of the electronic properties of cuprate
superconductors.

MATERIALS AND METHODS

Crystal growth

Single crystals of SCCO were grown by the optical floating zone (OFZ)
method (33). The starting materials were pre-annealed powders
of CaCOj; (99.9, CERAC), SrCO;3 (99.9, AlfaAesar), and CuO (99.9,
CERAC). The appropriate stoichiometric mixture of powders was
crushed and ground using mortar and pestle to ensure pulverization of
the powders and homogeneous mixing, and then the mixture was
transferred into a rubber tube. A vacuum pump was used to extract air
from the rubber tube, and the material was placed in a hydrostatic press
under 60 MPa for 20 min. This produced cylindrical rods of powder that
were approximately 11 cm in length and 8 mm in diameter. These rods
were sintered in a tube furnace in air for 48 hours at 1200°C and then
cooled to room temperature before being removed from the furnace.
High-quality single crystals were grown in the OFZ Canon furnace with
9 atm of O, overpressure, at a growth rate of 1 mm/hour. The feed and
seed rods were counter-rotated at 20 rpm. As SCCO melted incongruently,
a flux pellet made of 30 wt % SrO and 70 wt % CuO (0.5 g in total) was
used to initiate growth.

Assessment of sample purity and stoichiometry

Energy dispersive x-ray experiments conducted in an FEI Titan 80-300
TEM, operated at 80 kV, confirmed the doping level, with a Sr/Ca con-
tent of ~3.1:10.9.

STEM-EELS

The SCCO crystal was oriented by Laue x-ray diffraction. Two specimens,
with [100] and [001] orientations, were prepared by focused ion beam (FIB)
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cutting using a Zeiss NVision 40 dual beam apparatus. The specimens
were subsequently thinned down by ion milling (Fischione Nanomill)
at liquid nitrogen temperature with Ar beam energies in the range of
500 to 900 eV to remove the damaged areas from the FIB and to reach
electron transparency. The thickness of the areas probed in high-resolution
STEM-EELS were determined using EELS (34, 35) as ~30 and ~45 nm
in the [100] and [001] zone axes, respectively.

The STEM-EELS experiments were performed on an FEI Titan
Cubed 80 300 TEM, equipped with C; probe and image correctors,
operated at 80 kV acceleration voltage, and fitted with a Gatan GIF
Quantum Energy Filter. The SI data and the ADF signal were simulta-
neously acquired with a beam current of ~40 to 50 pA, a convergence
semi-angle of 19 mrad, a GIF collection semi-angle of 55 mrad, and a
pixel dwell time of 25 ms to maximize the signal while minimizing drift
and beam damage artifacts.

Data processing

The elemental atomic resolution maps shown in Fig. 1 were processed
by weighted PCA to minimize noise contributions. Data extraction for
Figs. 2 and 3 was carried out on raw data. The spatial distortion and
drift in the SIs were corrected using a homemade script in the Gatan
Digital Micrograph software before projection along one crystallo-
graphic direction. See the Supplementary Materials for details. The
crystal structure of SCCO is visualized using the computer program
VESTA (36).

Simulations

Elastic scattering effects were taken into account before and after the
inelastic scattering event using the multislice approach. Inelastic
scattering was modeled by diagonalizing the mixed dynamic form
factor (37) obtained from density functional theory calculations
(FP-LAPW WIEN2K) (38) at the generalized gradient approxima-
tion level (39). A simplified 224-atom face-centered cubic unit cell,
Ca;gCuy70,9, was used (40), assuming x =14 (that is, Sr was fully
substituted by Ca), to maintain a reasonable computing time. See
the Supplementary Materials for details.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/3/e1501652/DC1

Comparison with x-ray absorption spectroscopy

Quantitative evaluation of the hole distribution

Inelastic scattering calculations

Drift correction

Qualitative hole distribution from Cu 2p excitation

Table S1. Fitting parameters: SD and relative energy positions of Gaussian functions.
Fig. S1. Comparison of O-K XANES and ELNES.

Fig. S2. Inelastic channeling calculations.

Fig. S3. Spatial drift correction on the STEM-EELS data.

Fig. S4. Qualitative hole distribution from Cu 2p excitation.
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