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Abstract

Transmission electron imaging, diffraction and spectroscopy techniques are utilized to study the changes in modulated
structure and aspects of electronic structure of the high oxygen pressure synthesized superconductor: Sr,CuO,, ;. The
presence of an incommensurate modulated superstructure in Sr,CuO,, ; and its dependence on post-annealing treatment is
documented. Transmission EELS indicates that there is a high density of states near the Fermi surface for the modulated
phase in as-made (7, = 70 K) and optimally treated (T, = 94 K) specimens, while there is a low density of states near the

Fermi surface for over-treated samples with T, =0 K.

1. Introduction

Hiroi et al. have recently reported the occurrence
of superconductivity at a transition temperature of
~ 70 K in Sr,Cu0,, 5 [1]. They suggested a tetrago-
nal K,NiF, type structure as the basic structure for
this material. In addition, they also reported a super-
structure with lattice constants of 4y2 a, X 42 a,
Xc,. Based on the oxygen nonstoichiometry, Hiroi
et al. [1] suggested that half of the apical oxygen is

* Comresponding author. Fax: + 1-708-491-7820.

missing in Sr,CuQO;, ;. However, contrary to this
model, recent neutron diffraction studies on this
compound by Shimakawa et al. [2] indicate that the
apical oxygen is fully occupied, whereas the oxygen
in CuQ, plane is half occupied. If oxygen does not
fully occupy the vital conducting CuQO, planes, it
raises doubts about our current understanding of
superconductivity in the cuprates, which relies on
full oxygen occupancy for the CuO, planes. On the
other hand, there is a possibility that this major phase
is not the real superconducting phase and that some
other second phase may be responsible for the T, and
the Meissner fraction (which is often less than 15%)
observed in this material.
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Fig. 1. Diamagnetic susceptibility as a function of temperature for
the as-made sample, optimum heat treated sample, and over heat
treated Sr,Cu0;, 5.

Recently, Han et al. synthesized the high pressure
form of Sr,CuO,,,, and have observed a depen-
dence of 7T, on post annealing treatment of the
as-prepared material [3]. They noticed that heating
the sample to 300°C increased the T, from 70 to 94
K and that further heating to 450°C caused the
sample to lose superconductivity. Fig. 1 shows how
the different heat treatments affect 7, for this com-
pound. X-ray diffraction data showed that the basic
structure of the material does not change with the
different heat treatments.

To investigate the structural and microchemical
details of Sr,CuO,, ;, transmission electron diffrac-
tion, high resolution electron microscopy and elec-
tron energy loss spectroscopy are employed. In Part
A of this paper, we report how the crystallography
and electronic structure of this phase change with
different heat treatments. In part B [12], we detail a
structural model to describe the superstructure ob-
served in this compound, based on high resolution
electron microscopy imaging and image simulations.

2. Experimental

Superconducting Sr,CuO,,; was prepared by a
high pressure synthesis method discussed in Ref. [31.
The transition temperature for the as-made sample
was 70 K with ~ 15% Meissner volume fraction at
5 K and 10 Oe. After heat treatment at 310°C in N,
for 60 min, the T, increased to 94 K with 11%
Meissner volume fraction at 5 K. The sample be-

came non-superconducting after heat treatment at
450°C. In this paper, we will refer to samples of
different heat treatments by their 7_: T, =70 K for
the as-made sample; T, =94 K for the optimally
treated sample; and 7, =0 K for the over treated
sample.

TEM samples were prepared by polishing the
bulk specimen to about 10 wm and subsequently ion
beam thinning to electron transparency at liquid ni-
trogen temperature to minimize ion beam damage.
Electron energy loss spectroscopy and electron
diffraction measurements were conducted using a
cold field emission gun Hitachi HF-2000 micro-
scope, equipped with a Gatan paralle]l EELS detec-
tor. The energy resolution of the zero loss peak was
~ 0.5 eV. Electron energy loss spectra were col-
lected in regions containing the modulated super-
structure as shown by electron diffraction patterns.
Some minor phases were also discovered in our
sample. (Because the main purpose of this paper is to
study the phase which was proposed as the supercon-
ductor by Hiroi et al., we will not discuss these
minor phases further.) It should be noted, however,
that no known superconducting phases could be
identified within the limit of TEM statistics.

3. Results
3.1. High resolution imaging and the basic structure

The basic structure of as-made, optimum treated,
and over treated samples appeared to be quite similar
based on high resolution images and electron diffrac-
tion patterns. Overall, the principal diffraction spots
were the same for all three samples with different
heat treatments. However, subtle changes in the
HREM images and diffraction patterns were noted.
A slight difference in the modulated structure (i.e.
different modulation wavelengths) for different heat
treatments was observed, which will be discussed in
the following sections. Part B of this paper will
discuss a detailed analysis of HREM images which
allows the modulation structure to be extracted.

3.2. Modulated superstructure

Electron diffraction and microchemical analysis
indicated that the major phase in the sample was the
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Fig. 2. Diffraction patterns along the [100]p direction for different heat treatments, (A): as-made sample; (B): optimum treated sample; (C):
over treated sample.



250 Y.Y. Wang et al. / Physica C 255 (1995) 247-256

Fig. 3. Diffraction patterns for different heat treated Sr,CuQO,, ; sample, along the [OOI]P direction. (A): the as-made sample, in which
y < x; (B): the optimum heat treated sample, in which y > x; (C): the over wreated sample, in which y < x. In addition, satellite spots near
the superstructure spots can be seen in the over treated sample along the [110]p direction.
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Fig. 3 (continued).

Sr,Cu0,, 5 phase with a modulated superstructure.
As mentioned earlier, a superstructure was reported
by Hiroi et al. [1] and also by Adachi et al. [4]. Hiroi
et al. [1] observed a 4v2 X 42 a, superstructure in
their materials; while Adachi et al. observed 5/ V2
X5/ V2 a, superstructure. In our case, we noticed
an incommensurate modulation with an approximate
superstructure of 5v2 x5V2 a,. The exact wave-
length changed with the heat treatment. Fig. 2 shows
diffraction patterns along [100] , while Fig. 3 shows
diffraction patterns along [OOIf; for specimens with
T, =70, 94 and 0 K. Although the wavelength of the
superstructure varied subtly from region to region
with the same heat treatment, statistical measure-
ments indicated that: 1) the as-made sample had the
smallest wavelength; 2) heating the compound to
310°C resulted in an increased wavelength; 3) over-
heating the sample at ~ 450°C gave an intermediate
wavelength. The mean values of the wavelengths for
different heat treatments are plotted in Fig. 4 with
the experimental error (standard error of mean).

In addition to the change of wavelengths, there
were also changes in the details of the diffraction
patterns. For the as-made sample, the incommensu-
rate wavelengths along [110]p and [1'1.0]p directions
are slightly different, indicating that the superstruc-
ture has an orthorhombic symmetry. Additional satel-
lite diffraction spots along [1 10]p were also found in
the over treated sample, which does not show super-
conductivity. The additional satellite spots appeared
in_the [110], direction, but did not appear along
[ITO]p. In order to make sure that the additional
satellite spots in the diffraction pattern along the
[110], direction in the over-treated sample were not
due to second phase(s), we obtained high resolution
images for the optimally treated sample (7, = 94 K)
and the over treated sample (7, =0 K), and calcu-
lated the power spectra for these two HREM images.
As is shown in Fig. 5, the power spectrum of the
image for the over treated sample shows the extra
satellite spots near the 1st order superstructure spots
along the [110]p direction, whereas the power spec-
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Fig. 4. The mean value of the wavelength ot the superstructure for different heat treated samples with experimental error bars, SEM
(Standard Error of Mean). The number of the measurement is shown in the figure for the different samples. All the wavelengths shown in
the figure should be multiplied by Y2 . Therefore, the wavelength of the incommensurate superstructure is close to 5v2 a,.

trum of the optimally treated sample does not show
the satellite spots. These results conform to the
observed electron diffraction patterns in Fig. 3.

3.3. The oxygen K-absorption edge

It is well known for the hole doped cuprate
superconductors that the oxygen K-edge fine struc-
ture provides valuable information about the charge
carriers and their crystallographic confinement [5-7]
and that the presence of an O K pre-edge is related
to the unoccupied hole states. The density of hole
states, to a good approximation, is intimately con-
nected to the oxygen stoichiometry, thus the nature
of normal state conductivity in cuprates. Since the
strength of the O K pre-edge can be directly related
to metallic behavior for cuprates [10,11], it is very
interesting to see how the pre-edge changes with
different heat treatment of the samples.

Electron energy loss spectra for different heat
treatment specimens contain three excitations as
shown in Fig. 6. For as-made and optimally treated
samples, the first pre-edge excitation is quite clear
and sharp; while it is notably weaker for the over
treated sample. For comparison, we have also plotted
the O K-edge for the ‘‘planar defect-free’’ infinite-
layer compound, which is known to be a semicon-
ductor. The Fermi surface for Sr,CuO, ; is lowered
by ~ 1 eV compared to that for the ‘‘defects-free’’
infinite-layer compound.

4. Discussion

One of the problems in most high pressure syn-
thesized compounds, such as the infinite-layer com-
pound and Sr,CuQ, ; is whether the major phase is
the superconducting phase. The major phase in high
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Fig. 5. A) A high resolution image of an optimally treated sample, with a power spectrum at the bottom of the figure. B) A high resolution
image of the over-treated sample, with a power spectrum at the bottom of the figure. Notice the satellite spots near the superstructure spot
along [110]p direction in the over-treated sample and their absence in the optimally treated sample.
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Fig. 6. Electron energy loss spectra of oxygen K-edge for different
heat treated samples. The oxygen K-edge for the infinite-layer
compound is also shown in the figure for comparison. Notice that
for as-made and optimum treated samples, the low Hubbard band
is quite clear; whereas for the over treated sample, the intensity of
the low Hubbard band is lower. This is consistent with 7, mea-
surements of the samples.

pressure synthesized Sr,CuO,, 5, as reported earlier
by Hiroi et al. [1] and by Adachi et al [4] and
analyzed in this paper, is the one which contains the
modulated superstructure. According to neutron
diffraction experiments [2] the oxygen deficiency is
located within the CuO, planes, contrary to the
earlier model [1] where the O deficiency is proposed
to be located at the apical oxygen position. If the
major phase containing the modulations structure ‘is
the superconducting phase, the neutron diffraction
data, which suggest oxygen deticient CuO, planes in
this phase, defy the prevailing understanding that all
cuprate superconductors (should) have full oxygen
occupancy in the CuO, planes. On the other hand, it
is also reasonable to doubt whether the ' superstruc-
ture phase is the superconductor phase, because the
Meissner fraction of the sample is small (~ 15%
maximum) and there are minority phases present in
the material. ‘

The changes in the modulation wavelength and
the O pre-edge fine structure, which coincide with
the changes in the superconductor transition tempera-

tures, indicate that there is a correlation between the
superconductor transition temperature and the modu-
lated superstructure. It is well known for hole doped
superconductor materials that the intensity of the O
pre-edge indicates the density of states near the
Fermi surface. According to the current understand-
ing of hole doped cuprate superconductor, there are
two kinds of electronic states in the normal state, viz.
the lower and upper Hubbard band states. In the
undoped material, which is not a superconductor, the
density of the lower Hubbard state is very small or
zero, whereas the density of the upper Hubbard state
is high. For example, there is a clear upper Hubbard
state in the defect free infinite-layer compound, which
is not a superconductor, as shown in Fig. 6 [8,9]. The
doping of holes into the CuO, plane creates lower
Hubbard band, reduces the strength of the upper
Hubbard state, and results in charge carriers respon-
sible for the occurrence of superconductivity. How-
ever, overdoping suppresses I, of the sample and
results in a normal metallic behavior. This sequence
has been observed in La,_ Sr,CuO, by both soft
X-ray absorption and electron energy loss spec-
troscopy [10,11].

In Sr,Cu0O,, ; the Fermi surface is about 1 eV
lower than that of the ‘‘defect-free’’ infinite-layer
compound, which is consistent with the energy dif-
ference between the upper Hubbard state and the
lower Hubbard state [10,11]. In addition, the high
density of states near the Fermi surface of the O
K-edge for superconductors indicates the presence of
charge carrier (holes) and metallic behavior for the
material. On the other hand, the low density state at
the Fermi surface for the non-superconductor sam-
ples indicates low carrier density in the material and
suggests semiconductor behavior. Therefore, if they
are the superconductor phase, the O K-edge for the
superstructure phase is consistent with different T_’s
for different heat treatments.

The change of the superstructure with different
heat treatment is also consistent with the change in
the lattice constants measured by X-ray diffraction
[3]. As reported by Han et al. [3], the superstructure

‘phase has the smallest unit cell volume for the

as-made sample, while optimum heat treatment re-
sults in an expansion of the principal unit cell with-
out any (significant) oxygen loss. The over treated
sample has about 1.87% weight loss and the unit cell
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becomes smaller [3]. These results are consistent
with the changes of the superstructure wavelength.
For the as-made sample, the superstructure has a
wavelength smaller than 5v2 times of the principal
lattice constant. For the optimum treated sample the
superstructure has a wavelength longer than 5v2 of
the principal lattice constant, and the wavelength of
the over treated sample is closer to 5y2 . (The change
in length of the principal unit cell is small compared
with the change of the superstructure.) As we will
show in part B of this paper, the superstructure in
this material is due to the cation displacement, result-
ing in different bond lengths between nearest Cu—Cu
ions. According to our model, 50% of the Cu—Cu
bond lengths are ~ 4.0 A and 50% ~ 3.6 A. In the
model, the oxygen atom is located at the longer bond
length position, but not at the shorter bond length
position. This model suggests half occupancy of
oxygen atom in CuO plane and it is consistent with
the neutron diffraction experiment, which indicates
that the oxygen deficiency is located in the CuO
plane. We refer to the CuO plane in this material as
the CuO,,; plane. According to the model, the
smaller wavelength for the as-made sample indicates
more distortion of Cu—Cu bond length. The change
of the wavelength in the optimum treated sample
indicates a change of bond length between adjacent
Cu—Cu ions. This is consistent with the change of
the superconducting transition temperature between
the as-made sample and the optimum treated sample,
because it is well known that the change of the bond
length in the CuO, plane in other cuprate materials
affects the T, of the sample. The significant weight
loss in the over-heated sample is a direct conse-
quence of oxygen loss in the sample. The loss of
oxygen causes the material to be underdoped and
results in semiconductor behavior. This scenario is
consistent with the changes in the oxygen K-edge of
the energy loss spectra, as well as the changes in the
superstructure for different heat treatments.

5. Conclusion

In this part of the paper, we have shown that
different heat treatments of the nominal Sr,CuO; 4
phase, result in changes in the superstructure pattern

as well as the density of states near the Fermi
surface. The change in wavelength of the incommen-
surate superstructure is consistent with the changes
in oxygen distribution in the CuO,, ; plane and the
superconductor transition temperature of the bulk
phase containing Sr,CuQO,, ;. The high density of
state near the Fermi surface for the superstructure
phase for as-made (T, = 70 K) and optimum treated
samples (7, = 94 K) indicates metallic behavior of
the phase, whereas the low density of state near the
Fermi surface in the over treated sample (T, =0 K)
indicates semiconductor behavior of the phase. These
results coincide with the different transition tempera-
tures of the superconductor for the post heat treated
sample and are consistent with the earlier sugges-
tions that the majority superstructure phase is the
superconductor phase in the material.
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