PHYSICAL REVIEW B 97, 205139 (2018)

Atomic-resolution two-dimensional mapping of holes in the cuprate superconductor
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One of the key factors in understanding high-7, cuprate superconductors is the spatial distribution of holes
in the sample. Since x-ray absorption spectroscopy (XAS) and electron-energy-loss spectroscopy (EELS) can
directly measure the unoccupied 2p states of the oxygen, many experiments have already been performed for
a wide range of doping conditions. While polarization-dependent x-ray fluorescence yield absorption cannot
spatially resolve different oxygen sites, EELS combined with scanning transmission electron microscopy has the
ability to resolve them with atomic resolution. However, since cuprate superconductors are extremely sensitive
to electron irradiation, it has not been possible, to date, to characterize them with atomic resolution. Here,
we succeeded in atomic-resolution two-dimensional mapping of holes in La,_,Sr,CuO,4ys by overcoming the
problem of irradiation damage using an advanced integration technique. In addition, we have demonstrated
the anisotropic chemical bond related to the difference between p, and p, orbitals was observed with atomic
resolution. The present approach enables atomic-resolution anisotropic spectroscopy and is expected to give
information complementary to the polarization-dependent XAS.
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I. INTRODUCTION

La,;CuOy is well known as the parent compound of the
high-T, superconductor of hole-doped type La;_,Sr,CuQy.
With increasing Sr content x, the material property changes
from an antiferromagnetic insulator to a superconductor. A
maximum 7, occurs at an optimum composition, x >~ 0.15, and
then it changes to a normal metal in the overdoped condition
[1]. One of the key factors in understanding high-7, cuprate
superconductors is the spatial distribution of holes in the sam-
ple. Since x-ray absorption spectroscopy (XAS) and electron-
energy-loss spectroscopy (EELS) reflect the unoccupied states,
they can directly measure the doped-hole state. Hence, the
hole distribution of La,_, Sr,CuQO4 has been investigated for
a wide range of doping conditions using Cu L-edge and O
K-edge XAS [2-5] and EELS [6]. The studies concluded that
the hole is mainly doped into the planar oxygen site in the
CuO; plane.

However, previous studies could not spatially resolve
crystallographically nonequivalent oxygen sites in spite of
the importance of their difference. In the first place, while
polarization-dependent x-ray fluorescence yield absorption
can measure the anisotropy in x, y, and z, it cannot spatially
resolve with atomic resolution. On the other hand, EELS
combined with scanning transmission electron microscopy
(STEM) has the ability to spatially resolve the sites with
atomic resolution. Although STEM-EELS analysis has been
employed for other cuprate superconductors to study the elec-
tronic structure at nonequivalent oxygen sites [7,8], atomic-
resolution two-dimensional imaging of holes in oxygen sites
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has not been achieved to date because of electron irradiation
damage. Electronic state mapping requires spectra with a high
signal-to-noise (S/N) ratio from each atomic column in order
to resolve the fine structure in O K-edge spectra as well as
the individual atomic columns [9—11]. Thus, such a spectrum
requires a high total electron dose that often causes irradiation
damage even to oxides [10,12]. Unfortunately, advanced low-
voltage electron microscopy with a spherical aberration cor-
rector cannot always be employed to overcome this problem.
Our preliminary experiment on the present materials revealed
that in the case of STEM, the electron damage depends on the
electron dose rate (the dose irradiated on one atomic column at
a time). This kind of damage is presumably attributable to the
loss of oxygen due to the local rise in temperature [13]. Thus,
having a low probe current is essential to avoid such damage.
However, it is impossible to obtain a spectrum with a high S/N
ratio from one atomic column at a low probe current within
realistic exposure times owing to the instability of the electron
microscope. In the case of conventional spectrum imaging
(SI), the amount of the electron dose necessary to obtain a
high-S/N-ratio spectrum from one atomic column is higher
than the critical dose for many materials. This means that the
conventional approach can no longer obtain a high-S/N-ratio
spectrum with atomic resolution for such irradiation-sensitive
materials. Thus, we need to follow another approach. Here,
we succeeded in atomic-resolution two-dimensional mapping
of holes in La;_,Sr,CuQ44s by overcoming the problem of
irradiation damage using an advanced integration technique.

II. METHODOLOGY

The La,_, Sr,CuQOy445 (LSCO) samples were prepared with
a solid-state stoichiometric reaction between La; 03, SrCOs,
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and CuO. Since preparing overdoped LSCO crystals without
oxygen deficiencies was difficult, the amount of excess oxygen
8 might not be precise. The crystal structures were confirmed
with x-ray diffraction [14].

STEM-EELS was carried out at room temperature on
a JEM-ARM?200F equipped with a monochromator and an
electron-energy-loss spectrometer (Gatan, Inc., GIF Quantum
ERS). The experiments were performed at 200 kV owing to the
electron irradiation problem (see the Supplemental Material
[15]). The convergent semiangle of the incident electron probe
was 24.6 mrad. The inner and outer angles of the annular
detector were 57.3 and 114.6 mrad, respectively, and the EELS
collection semiangle was 57.3 mrad. The specimens were
observed along the [100] zone axis. The practical energy res-
olution for monochromated O K -edge spectra obtained using
an energy dispersion of 0.05 eV /pixel was 0.25 eV, while that
for the atomic-resolution nonmonochromated spectra obtained
using a 0.25 eV /pixel energy dispersion was 1.25 eV. The
La;_,Sr,CuQy44; series has a very low resistance to electron
irradiation [13], with doped samples being particularly prone
to damage. In order to achieve atomic-resolution imaging
without specimen damage, a low probe current (21 pA) and
a short dwell time of 5 ms were used with a scan step
of 0.651 nm/pixel. SI data were acquired from a 32.55 x
130.2 nm? (50 x 200 pixel?) region. The total acquisition time
for a single SI data point was 66 s. The total dose for single
SI was 2.4 x 103 C/cm?. Such experimental conditions were
the practical limit, maintaining atomic resolution without
causing irradiation damage. This is a very low dose condition
compared with previous results for the O K edge of cuprate
superconductors [7,8] and the C K edge of graphene [16].

Figure 1(a) show the high-angle annular dark-field
(HAADF) STEM image of La; g5S19.15CuQ44s along the [100]
direction taken over 50 x 200 points under the same conditions
as the present experiments. La (Sr) and Cu atomic columns
were easily observed with z contrast. The distortion of the
image due to the instability was relatively small because of the
vertically long acquisition region, which was advantageous
to the postprocess. The SI measurements were carried out
using dual EELS. Each spectrum shifted slightly during the
SI measurement using prism shift. The high-quality dark
reference was removed from the raw SI data [17]. Then the
zero-loss peak was aligned, and the measured peak shifts were
applied to sibling core-loss SIto reduce the gain variation of the
CCD [17-19]. The S/N ratio of the total spectrum [Fig. 1(c)]
was very high thanks to the summation and reduction of noise,
although the individual single spectrum was very noisy, as
seen in Fig. 1(b), where the count of the single spectrum is
comparable to the dark count in the gain-normalized mode.

After many atomic-resolution SI data were obtained, we
selected a subset of these data according to the following two
criteria: (i) arelative thickness (¢ /A) of less than 0.7 and (ii) no
damage in the total spectrum of SI (the sum of 10000 spectra)
compared with the spatially averaged O K-edge spectrum
[Fig. 1(d)] which was measured with a large scan step and the
defocusing condition to obtain the spectrum of the bulk without
damage. In comparison to the spatially averaged spectrum
[Fig. 1(d)], the present conditions [Fig. 1(e)] allowed both
the atomic-resolution images and the spectra to be taken and
several measurements to be made in the same region without
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FIG. 1. (a) HAADF-STEM image (50 x 200 pixels) of
La; §5519.15CuO44s along the [100] zone axis of the SI area
under 200 kV. The scan step was 0.651 nm/pixel, and dwell
time was 5 ms/pixel. (b) A single spectrum and (c) the sum of
10,000 spectra in SI. The differences in bulk O K-edge spectra are
due to differences in experimental conditions: (d) probe current
Ip =70pA, scanstep = 1nm/pixel, dwelltime = 20 ms/pixel,
defocused conditions; (e) Ip = 21 pA, scanstep = 0.651 nm/pixel,
dwell time = 5 ms/pixel; ) Ip =21 pA, scan step =
0.651 nm/pixel, dwell time = 10 ms/pixel; and (g) heavy-damage
conditions. All spectra are the sum of 10,000 spectra with individual
conditions.

any damage. On the other hand, even a slight increase in dwell
time from 5 to 10 ms (with all other conditions being the same)
causes the prepeak (528.5 eV) to disappear owing to irradiation
damage, as shown in Fig. 1(f). This damage cannot be detected
in the HAADF-STEM image. In addition, under a higher dose
rate, the fine structure of the O K edge changes, as shown in
Fig. 1(g).

If the many crystallographically equivalent positions could
be integrated at a specific point, we might be able to realize
atomic-resolution spectroscopy from the data acquired under
the present conditions. However, the atomic-scale HAADF-
STEM image obtained in the SI mode is distorted due to the
long acquisition time for the core-loss spectrum in almost
every case. Therefore, it is difficult to correct the specimen
drift for multiple HAADF images using rigid registration
because of the variety of image distortion depending on the
instability of the electron microscope. Recently, Jones et al.
reported that nonrigid registration is very effective in reducing
image drift and improving the S/N ratio [20,21]. In addition
to adopting this technique, in the present study, we evolved
this integration technique by combining it with a template-
matching technique. Since the aim of this research was to
distinguish the inequivalent oxygen site within a unit cell,
we devised the following procedure. First, we obtained many
SI data with atomic resolution from a wide single-crystal
region using a low-current condition. Next, we obtained a
nondistorted HAADF image with the same scan step using
a fast dwell time, and it was defined as the template image.
The size of the template image was comparable to the unit
cell. Then, we selected many crystallographically equivalent
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FIG. 2. O K-edge spectra of La,_,Sr,CuQOyys. (a) Monochro-
mated spectra (0.05 eV/pixel) averaged over the whole unit,
(b) atomic-resolution spectra (0.25 eV /pixel) averaged over the whole
unit, and (c) apical and (d) planar oxygen site spectra after nonrigid
alignment (0.25 eV /pixel).

regions from a target HAADF-STEM image by judging the
correlation with the template image (template matching) and
applied rigid and nonrigid registration of these equivalent
regions to fit the template image and finally applied them to
the corresponding SI data by using the SMARTALIGN software
package (HREM Research). Upon repeating this procedure
over many SI data, the S/N ratio improved dramatically thanks
to the increase in the signal by accumulation and the decrease
in the noise by gain averaging, maintaining spatial resolution
without causing irradiation damage. The total accumulation
numbers of the spectra including rotation symmetry were
12008, 14 348,and 4712 forthe x = 0.15,0.3, and 0.4 samples,
respectively.

III. RESULTS AND DISCUSSION

Figure 2(a) shows monochromated O K-edge spectra
(0.05 eV /pixel) averaged over the whole unit cell. The prepeak
(528.5 eV) that appears for doped samples corresponds to
holes (Zhang-Rice singlet) in the oxygen 2p state, and that
(531 eV) for the nondoped sample corresponds to the unoccu-
pied oxygen 2 p state hybridized with the upper Hubbard band
of the Cu 3d state [by4(d,2_,2) state owing to the Jahn-Teller
effect]. As previously reported [2—6], the hole peak intensifies
with increasing Sr content. In the case of our atomically

FIG. 3. Atomic-resolution hole mapping. (a) Template HAADF
image of La, ,Sr,CuQO,4.; observed along the [100] zone axis of
the tetragonal phase. La (Sr), Cu, and O atoms correspond to green,
blue, and red, respectively. (b) Atomic-resolution oxygen mapping of
La; §5519.15Cu0,45. Atomic-resolution hole mapping of (c) x = 0.15,
(d)x =0.3,and (e) x = 0.4.

resolved experiment, we used a low dispersion (0.25 eV /pixel)
because of the weak signal intensity resulting from the low
dose. Nevertheless, an increase in hole peak intensity is still
observed, as shown in Fig. 2(b). Figures 2(c) and 2(d) show the
spectra for the center of the apical and purely planar oxygen
sites [labeled planarl in Fig. 3(a)], respectively.

Figure 3 shows the results obtained by template match-
ing and nonrigid registration. Figure 3(a) shows an atomic-
resolution HAADF-STEM image observed along the [100]
zone axis. In La,_,Sr,CuQOy4s, the CuOg octahedrons are
extended along the ¢ axis due to the Jahn-Teller effect of
the Cu?* ion. As a result, there are two crystallographically
inequivalent oxygen sites: the apical O in the LaO layers
and the planar O in the CuO, layers. In addition, there are
two types of planar O atomic columns, labeled planarl and
planar2 in Fig. 3(a). Figure 3(b) shows atomic-resolution
oxygen mapping of La; 551y 15CuQO45, where a 50 eV energy
window from the threshold was used. The O mapping shows
comparable contrasts for both oxygen sites. Figures 3(c)-3(e)
show atomic-resolution hole maps obtained using hole-peak
signals (1.5 eV window) of the O K edge with x = 0.15,
0.3, and 0.4, respectively. In the case of x = 0.15, the hole
map exhibits an anisotropic distribution, where only the planar
oxygen sites are displayed brightly. On the other hand, in
the case of the overdoped samples (x = 0.3 and 0.4), apical
oxygen sites increase in brightness. The spectrum extracted
from the center of the apical oxygen site in the x = 0.15
sample [Fig. 2(c)] looks like a very weak prepeak. Given that
energy-selected mapping using the integrated intensity of a
specific peak reflects the excitation probability of a particular
energy loss at a specific position, the weak intensity of the
prepeak is considered to be attributable to the excitation of
the neighbor planar site due to the delocalization of inelastic
electron and dechanneling effects. If the origin of the peak
is the planar site, the two-dimensional mapping should show
a local maximum at its site. On the other hand, previous
results of polarization-dependent fluorescence yield absorption
have shown a small chemical shift between the prepeaks in
spectra measured under £, _Lc and Ej||c conditions [2]. The
present results also indicated a small chemical shift between
the prepeaks of apical and planar oxygen sites. Thus, we
conclude that the prepeak observed at the apical oxygen site
in the x = 0.15 case cannot be attributed to the mixing of
planar sites, but rather is due to the intrinsic peak of the
apical oxygen site. Although such very weak intensities have
been difficult to observe on a two-dimensional map due to the
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comparable intensity of noise in such a low-dose condition, our
results demonstrate the different hole distributions obtained
in under- and overdoped conditions and directly provide the
spatial distribution of holes in cuprate superconductors.

Next, we consider the hole maps [Figs. 3(c)-3(e)] in detail,
where planar 2 oxygen columns appear darker than planar 1
oxygen columns. Surprisingly, since this contrast difference
is larger than that in the oxygen elemental mapping, which
represents the so-called dynamical effect [Fig. 3(b)] [22], the
fact that the planar 2 oxygen columns appear darker can be
attributed to the anisotropy of the chemical bonds between
Cu and O atoms in the CuO; plane. It is thought that since
the hole-state orbital (2px or 2py) of planar O points toward
Cu, the intensity of the prepeak is affected by the orbital
orientation with respect to the direction of momentum transfer
upon inelastic scattering. In our STEM-EELS experiment,
however, the momentum transfer was mainly in the plane
perpendicular to the electron direction. If, as in the planar
1 oxygen columns, the hole state (2py) in planar oxygen is
perpendicular to the electron beam, the prepeak intensity must
be higher than that (2py) at the CuO column. The anisotropy
of oxygen bonding in the fine structure of atomic-resolution
EELS has been reported previously for SrTiO; [23]. In that
study, however, the spectral change due to the anisotropy
in the atomic sites was not detected in the raw data, but
rather emerged only after an inversion process which could
remove the mixing of signals. By contrast, we were able
to observe the difference directly on the two-dimensional
map, owing to the dramatic improvement in the S/N ratio of
the atomic-scale spectrum. Therefore, the present approach
demonstrates an atomic-resolution anisotropic spectroscopy
and is expected to give complementary information to the
polarization-dependent XAS.

Figure 4 shows the prepeak intensity as a function of Sr
concentration x. The spectrum intensities were normalized at
the main peak, and the prepeak intensities were obtained by
integrating a single Gaussian fitted to the spectrum. Looking
at the profile for the bulk, the intensity does not increase
linearly with x. This can be explained by the fact that, under
overdoped conditions, the holes also occupy the Cu d orbitals
[24]. As described above, not only the absolute intensity of the
prepeak but also the relative intensity of the main peak varies
with position in planar oxygen sites. Thus, for a quantitative
comparison of the intensities of purely apical and planar
oxygen columns, we must take into account the direction of
the chemical bonds. The ratios of the prepeak intensities of
the apical oxygen sites to those of the planar oxygen sites
were 44.4%, 73.1%, and 78.0% for the x = 0.15, 0.3, and
0.4 samples, respectively. Although these values may contain
a mixing component due to the delocalization of inelastic
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FIG. 4. Quantitative comparison of the intensities of the prepeak.
The intensity of the state of holes on O sites as a function of Sr content
x. Dashed lines are merely guides to the eye. The error bars are the
standard deviation o of observed oxygen columns.

scattering, we believe that the mixing is insignificant. The
results confirm that under overdoped conditions, the doped
holes mostly enter apical, rather than planar, oxygen sites.

IV. SUMMARY AND CONCLUSIONS

We have demonstrated atomic-resolution two-dimensional
hole mapping by using evolved nonrigid registration com-
bined with a template-matching technique for thousands of
spectra. We found that improving the S/N ratio allowed us
to characterize the anisotropy in the chemical bonds with
atomic resolution, associated with the difference in orientation
between oxygen py and py. As a consequence, we obtained a
quantitative comparison of hole concentration between apical
and planar sites. The present approach is applicable to not
only many other radiation-sensitive materials but also an
interface region whose structure is equivalent along the in-
plane direction by changing the size of the template image.
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