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ABSTRACT: The influence of rare earth (RE) elements on superconducting
properties of the transition element (TE)-substituted TE,Cu,_,Sr,RECu,0,
cuprates has not been sufficiently emphasized so far. In the case of molibdo-

Mo, ;Cug ;Sr,RECu,0,

. (Cu,M0)0;
cuprates with the general formula Mo, ;Cu,;Sr,RECu,0,, all the RE element ‘ Sr
containing compounds except La, Ce, and Lu can be prepared at room A oy . Cuo,

pressure. The influence of the crystal structure on the superconducting
properties after ozone oxidation of the present system is reported selecting
three groups of RE elements attending to their different atom sizes: small (Yb
and Tm), medium (Gd), and big (Nd and Pr). Advanced transmission
electron microscopy, various diffraction techniques, and spectroscopic analysis

..... HAADF - STEM

have been used to demonstrate that the increase of structural disorder
complemented with a decrease in the hole content play a major role in the vanishing of superconductivity within the present

system.

1. INTRODUCTION

Since the discovery of high-temperature superconductivity in
oxides of the La,_ Ba ,CuO,_s family by Bednorz and Muller in
1986, reporting a critical temperature (T¢) of ~30 K,
attempts to increase the T in cuprates rapidly attracted the
focus of the field. The appearance of YBa,Cu;O,_s in 1987,
which boosted the T above the nitrogen boiling point (77 K)
was, indeed, a milestone in this area. In the search for new
superconducting materials based on Cu, substitution of Ba by
Sr was further proposed, but due to ionic size restrictions,
YSr,Cu;O,_5 could only be prepared using high-pressure
conditions.” However, partial or total substitution of the Cu
atoms placed on the charge reservoir layer of the crystal
structure by other transition elements (TE) such as Ti, V, Cr,
Fe, Co, Nb, Mo, W, Rh, Re, or Ir allowed the formation of
phases with the general formula TE,Cu,_,Sr,RECu,0, at
ambient pressure.*”°

These TE can adopt different oxidation states through
oxidizing/reducing reactions resulting in a wider hole doping
range than that of the pristine Cu-based superconducting
compounds. Indeed, higher valence states for the TE could
lead to a greater creation of holes within the charge reservoir
layer, which, through a charge transfer process are transferred
to the CuO, planes. Among TE, Mo stands as an adequate
candidate in this type of systems due to its ability to adopt a
large number of different formal oxidation states, in particular
IV, V and VI in oxides. In this context, ozone-oxidation has
been proved successful in increasing the formal oxidation state
of some TE due to the high reactivity of the ozone molecule.
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For instance, the stabilization of uncommon Fe*" in a
perovskite-like-structure has been achieved by ﬂowmg ozone
at relatively low temperature during short times,”” and the
ozone technique has also been used for the oxidation of
La,CuQy,; thin films providing high oxygen contents.”

At room pressure, only a partial substitution of Cu by Mo
corresponding to x = 0.3 can be achieved in
Mo,Cu,_,Sr,RECu,0, for all the rare earth (RE) elements
except La, Ce and Lu The electrical behavior of the whole
system indicates that only those compounds containing Nd
and Pr do not present superconductivity upon an oxidation
treatment.'® However, in the case of RE = Y and Er under
particular oxidation conditions, superconductivity can be
induced."" ™" In this way, although Mo, ;Cu,;Sr,RECu,0,
(RE=Y and Er) compounds do not show superconductivity as
synthesized in air, a T & 32 K is achieved after oxidation
under oxygen flowing at moderate temperatures. Furthermore,
T¢ increases under a high-pressure-oxygen treatment reaching
To's ~ 70—-87 K.'*7'® Therefore, oxidation of these
compounds after the synthesis is essential to acquire the
adequate amounts of Cu (III) within the CuO, planes so as to
achieve superconducting properties. It is worth pointing out
that hole incorporation in oxidation leads to the shortening of
the distance between the copper located at the conducting
planes and the apical oxygen (d(Cu—OaPical)) as well as the
increasing of the buckling angle between the oxygen and
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Figure 1. (a) HAADF-STEM images of a Mog3Cuy;Sr,RECu,0, OS crystal with RE = Nd (left) and RE = Tm (right) along the [010]p zone axis.
Columns of Sr atoms are indicated in green, RE atoms are in yellow, and columns with either only Cu or both Cu and Mo are in blue. (b) Intensity
profiles along the [001], direction. The intra- and interbilayer distances in both compounds are indicated with red and blue arrows, respectively.

copper in these glanes (6(0—Cu—0)) which parallels the
increase of Tc."" ™!

In contrast, this shortening of the apical distance is also
correlated with other key structural aspect, namely, the relative
CuO, inter- and intrabilayer spacing, as has been highlighted in
pump and probe experiments on the YBa,Cu;0,_; compound.
The femtosecond THz pulses induce a shortening of the apical
distance accompanied by a contraction of the so-called
interbilayer distance at the expense of the expansion of the
so-called intrabilayer resulting in a promoted Josephson
coupling.””?® Nevertheless, in the case of
Mo,Cu,_,Sr,RECu,0, system, the absence of superconductiv-
ity in Nd and Pr containing compounds reflects that more
subtle structural aspects should be involved.

We report here the influence of the crystal structure on the
superconducting properties of the Mog;Cuy;Sr,RECu,0,
compounds with RE = Yb, Tm, Gd, Nd, and Pr upon ozone
oxidation. We have chosen three groups of RE elements
attending to their different size. According to the eight-
coordination of the RE cations in this structure, Yb and Tm
elements can be considered small (Yb**: r = 98.5 pm, Tm**: r
=99.4 pm). Gd is considered medium (Gd3+: r = 105.3 pm),
and Nd and Pr are big (Nd** r = 110.9 pm, Pr’*: r = 112.6
Pm)'24

On the basis of our structural and spectroscopic study of
these materials, we demonstrate that the increasing structural
disorder and decreasing average oxidation state of Cu,
observed when the size of the RE atoms increases, play a
crucial role in the vanishing of the superconducting properties
in the system. In the case of the nonsuperconducting Nd- and
Pr-containing compounds, we have observed antisite disorder
between RE and Sr atoms in the crystal structure as well as

disorder in the anion sublattice within the charge reservoir
blocks. In the case of the Yb and Tm containing compounds, a
higher Cu oxidation state is accompanied by a compositional
ordering between Sr and RE together with a short-range
ordering of oxygen around Cu and Mo, and this allows the
materialisation of a superconducting state after the ozone
treatment. This is indeed corroborated in that the Gd
compound shows an intermediate situation.

2. EXPERIMENTAL SECTION

Polycrystalline compounds, called here original samples (OS), were
prepared by the conventional ceramic method using Yb,O; and
Tm, 05 (Aldrich 99.9%), Gd,0; (Aldrich 99.99%), Nd,O; and Pr,O,,
(Aldrich 99.9%), CuO (Aldrich 99.9999%), SrCO, (Aldrich 99.9%),
and Mo powder (Aldrich 99.99%). RE oxides were dried at 1173 K
prior to weighing. Stoichiometric amounts of the starting materials
were mixed and heated at 1173 K in air to decompose the Sr
carbonate. Afterward, the samples containing RE = Tm, Gd, Nd, and
Pr were pelletized and heated at 1273 K in air for 48 h with
intermediate grindings; the sample containing Yb was heated at 1248
K under the same conditions. All the samples were oxidized using
oxygen-containing ozone (ca. 10% vol) at a flow rate of 25 mL min™"
for 24 h at 573 K: these are called ozone oxidized samples (OOS).

Phase identification was carried out by powder X-ray diffraction
(PXRD) using the PANalytical X’PERT PRO MPD diffractometer
with the Cu Ka, radiation and X’PERT PEAPS software. To identify
the structure and study the arrangement within the unit cell, electron
microscopy analyze was performed. The compounds were ground in
n-butyl alcohol and ultrasonically dispersed. A few drops of the
resulting suspension were deposited on a carbon-coated grid.
Transmission electron microscopy (TEM) and selectedarea electron
diffraction (SAED) studies were performed in a JEOL JEM 3000F
microscope operating at 300 kV (double tilt +20° and point
resolution 0.17 nm). High-angle annular dark field (HAADF) and
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annular bright field (ABF) analyses were performed on an ARM200cF
microscope, fitted with a condensed lens aberration corrector (point
resolution in STEM mode of 0.08 nm). HAADF images were
acquired with an inner acceptance angle of 90 mrad, and the ABF
ones have a collection angle of 11 mrad.

The structure determination has been performed by the
combination of synchrotron X-ray diffraction in the BM25A Spanish
CRG and neutron diffraction at the ESRF neutron diffraction (ND) in
the D2B instrument at the ILL. For the Rietveld Refinement the
FULLProf software was used.”® To confirm the oxygen content,
thermogravimetric analysis (TGA) has been performed. Samples were
heated to 973 K under reducing conditions (5% H,/95% N,)
obtaining RE,O;, SrO, StMoO,, and Cu metal as final products.

To analyze the Cu oxidation state and the presence of holes in the
CuO, planes, EELS spectroscopy at Cu—L;, and O—K edges was
performed using an ENFINA spectrometer fitted in the JEOL JEM
3000F microscope. The spectra were collected in the diffraction mode
with a dispersion of 0.1 eV/channel for the crystals oriented out of
any main zone axis.

Magnetic properties were measured with a Quantum Design
MPMS-XL SQUID spectrometer. Temperature dependence of the
direct current (dc) magnetic susceptibility under various magnetic
fields was measured over the temperature range 2—300 K under zero
field cooling (ZFC) and field cooling (FC) conditions. The dc
electrical resistance of the samples was measured in a four-probe
configuration with a quantum Design PPMS

3. RESULTS AND DISCUSSION

3.1. Structure, Microscopy, and Diffraction. The PXRD
patterns of all the compounds except the one containing Yb are
characteristic of a single phase with a 3-fold superstructure of
the perovskite-type (Figure SI1) and unit cell a, X a, X 3a, (a
is the lattice parameter of the perovskite-type structure) In the
pattern of the Yb compound, a small amount of Yb,Cu,Oj is
detected as a secondary phase.

Electron microscopy analyses have been performed in order
to identify the crystal structure of the present system. Figure
SI2 shows the SAED patterns along the 001 [100],, and
[110] zone axes and the HRTEM image along the EJIOO]P
zone axis of a OS crystal of Mog;Cuy;Sr,TmCu,0,. The
pattern along the [001], zone axis can be indexed on the basis
of the cubic perovskite structure. Reflections associated with
the tilt of the oxygen-octahedra network do not appear, neither
in the [001], not along the [110] zone axes.” ® When tilting the
crystal along the [100], zone axis, the pattern shows
superstructure reflections at G, + 1/3 (001), characteristic
of the 3-fold stacking sequence along the [001], direction. The
corresponding HRTEM image shows contrast differences
confirming the triple periodicity along this [001], direction.
Thus, the combination of the SAED patterns along the
different zone axes and the corresponding HRTEM images
indicate that the crystal structure of the Mo, ;Cu, ,Sr,RECu,0,
system is a perovskite-related superstructure with an a, X a, X
3a,, tetragonal unit cell according to the arrangement of the Sr
and RE atoms in combination with the polyhedral coordina-
tion of the Cu atoms (Figure SI3). All the OS compounds of
the system show similar SAED and HRTEM results. These
results substantiate the proposed crystal structure for all these
rare earth compounds (RE= Yb, Tm, Gd, Nd, and Pr).

HAADF-STEM images (Z-contrast images) can give
information about the cation arrangement within the structure.
Figure la shows the corresponding images of the compounds
containing Nd and Tm along the [010], zone axis before the
ozone treatment. The contrast differences in the images
confirm the 3a, superstructure along the [001]p direction

associated with the Sr/RE cation ordering for both
compounds: the images show an stacking sequence of the A
cations layers along the [001:|P direction consisting of two
layers with lower-intensity-dots corresponding to columns of
Sr cations separated by one layer with higher-intensity-dots
corresponding to columns of RE cations. However, the line
intensity profiles carried out along the [001]P direction on the
Sr—RE—Sr columns of atoms (Figure 1b) reveal differences in
the images of these two compounds. The lower intensity
difference between the Sr and RE layers in the Nd compound
than that in the Tm one can be associated with some antisite
disordering between Nd and Sr. Regarding the B cations, the
crystal structure presents two different sites for the Mo and Cu
cations: One site is fully occupied by Cu cations constituting
the CuO, planes, and the other one is occupied by 70% Cu
and 30% Mo forming the charge reservoir blocks. Nevertheless,
the Z-contrast image do not show intensity differences
between these two positions, presumably due to the low
amount of Mo within the charge reservoir layers, and its
statistical arrangement distribution with the Cu. In contrast, as
shown in Figure 1b, a shorter distance between the Cu(2)—
Cu(2) columns of atoms, namely, the intrabilayer distance
between the CuO, planes, is observed in the Tm compound
relative to that in the Nd one (0.32 nm for Tm compound and
0.35 nm for Nd compound) at the expense of a larger Cu(2)—
Cu/Mo(1) distance (0.42 nm for Tm compound and 0.40 nm
for Nd compound as expressed by half of the interbilayer
distance).

In order to visualize the anion sublattice in these
compounds, ABF-STEM experiments have been carried out.
Figure 2 depicts the ABF-STEM image along the [010], zone

Figure 2. ABF-STEM image of a Moy;Cup;Sr,NdCu,0, OS crystal
along the [010]p zone axis. Columns of oxygen atoms and oxygen/
vacancies are indicated in red and pink, respectively. Columns of Sr
atoms are indicated in green, columns with Nd atoms are in yellow,
columns with only Cu are in dark blue, and columns with both Cu
and Mo are in blue.

axis of the Nd-OS compound. There are two different types of
oxygen environment for the Cu and Cu/Mo atoms: The Cu
atoms constituting the CuO, planes have a pyramidal anion
environment (three columns of oxygen atoms are located
around the columns of Cu atoms). However, only two
columns of oxygen atoms located along the [001]p direction
are clearly observed around the columns of Cu/Mo atoms, and
the intensity of the oxygen columns along the [100] direction
(indicated in pink color) is so low that a high concentratlon of
anion vacancies are located on those positions along the [100]P
direction. Therefore, a nonoctahedral environment of oxygen is
displayed around the Cu and Mo of the charge reservoir layer.
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Figure 3. Rietveld refinement of the ND data. Observed, calculated, and difference profiles of the RT patterns of the OS (left) and OOS (right)
compounds with formula Moy ;Cu,;Sr,REC1,0,. 2. 8(2) % of Yb,Cu,O4 has been detected as a secondary phase in the diffraction pattern of

Moy ;Cuy;Sr,YbCu,O,.

The presence of Mo in a presumably octahedral coordination
and of Cu in a coordination lower than that of Mo, both
randomly distributed within the charge reservoir layers (Cu(1)
sites in Figure SI3), results in a nonhomogeneous distribution
of the oxygen in this area. It is also worth mentioning that the
column of apical oxygen atoms of the Cu(1) environment is
displaced toward the Mo/Cu atoms, so as to compensate for
the anion vacancies within this layer. STEM mapping could
not be performed on the OOS compounds due to electron
beam damage.

On the basis of these structural results, the synchrotron X-
ray and neutron diffraction patterns of all the OS compounds
have been indexed using the tetragonal unit cell a, X a, X 3a,,

12041

in space group P4/mmm. A joint Rietveld refinement of the
SXRD and ND patterns, except for the Gd-one (due to the
high neutron absorption of the Gd), has been performed with
the main purpose of estimating the occupancies of RE and Sr
between the two sites (Figure SI4).Once we obtained the
occupancies of the A sites and in order to obtain a more
reliable information about the oxygen environments, Rietveld
refinement of the ND data of the OS and OOS samples
(except the Gd one) has been performed as shown in Figure 3.
In the case of the Gd compound, the Rietveld Refinement of
SXRD data for the OS and OOS samples have been obtained
by fixing the oxygen positions at the average value between
those corresponding to the compounds containing Pr and Yb.
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Tables 1 and 2 contain the crystallographic atomic positions,
lattice parameters, and main distances and angles of the
Mo, ;Cuy;Sr,RECu,0, compounds obtained from the neutron
diffraction data refinements.

Performing the joint refinement in the synchrotron
diffraction patterns corresponding to the different compounds,
especially to the ones containing bigger RE atoms (Pr and
Nd), the intensities of some reflections (i.e., the 001 reflection
shown in Figure SIS) cannot be substantiated fixing the Sr and
RE in their theoretical positions. The observed decrease of the
intensity of the 001 reflection (related to 3ap) with increasing
the RE size cannot be justified in terms of scattering factors of
the corresponding cations fixed in their theoretical sites
(Figure SIS). Thus, improved R-factors of the Rietveld
refinement are obtained by introducing antisite disorder
between Sr and Pr or Nd in the crystal structure, giving a
better agreement between the intensity of the experimental and
calculated reflections. Moreover, the observed antisite disorder
correlates well with the RE size. Figure 4 echoes the variation
of the antisite as a function of the RE cation size, showing a
mixing between Sr and RE of ~20% for the Pr and Nd
compounds, no mixing for Tm and Yb ones, and an
intermediate amount of mixing of ~6% for the Gd containing
one. Therefore, refinement of the crystal structure of
Mo, ;Cu,;Sr,RECu,0, (RE = Pr, Nd) indicates that the
antisite disorder suggested in the HAADF-STEM is of a
general character and not simply a local arrangement results of
the Nd compound. The Rietveld refinement also indicates that
the Mo cations are placed within the charge reservoir block for
all the compositions.

Complementing the antisite disorder in the A-position,
significant differences in the unit cell dimensions are observed
for the different RE compounds. The unit cell becomes smaller
as the RE size decreases and the c/a ratio decreases from
~3.03 to ~3.00 with increasing RE atom size, but this volume
change is not isotropic (Figure SI6a). Differences between ¢/3
and a values decrease when the RE atom size increases.

Regarding the oxygen sublattice in the OS samples, the
oxygen content varies in the range of 7.40—7.50 (under similar
oxidizing conditions) without correlation to the RE size. To
establish the oxygen disorder within the charge reservoir layer,
we have used a structural model'® that proposes two different
oxygen sites to reflect the variable anion coordination of Mo
and Cu: a more symmetrical x-nonfixed to zero oxygen site (x,
0.5, 0) O1 and a less symmetrical x- and y-nonfixed to zero
oxygen site (x, y, 0) O2. In this model, it is assumed that the
transition metal in an octahedral oxygen environment tends to
coordinate with the more symmetrical O1; in contrast, O2
surrounds the lower coordinated cations within the charge
reservoir block. Thus, we can expect that the Mo cations are
surrounded by Ol-type oxygen and that most of the Cu(l)
cations are surrounded by O2-type ones. Also, the ratio of
oxygen occupancies O1 (x, 0.5, 0)/02 (x, y, 0) is different for
the different compounds. Thus, the refinement gives partial
oxygen occupancies of ~55% for the more symmetrical O1 and
~45% for the less symmetrical O2 in the Pr and Nd
compounds, while the Tm and Yb ones present the opposite
ratio (~45% for O1 and ~55% for O2). Also, the distribution
of the oxygen sites varies between the different compounds
(Figure SI7). In the case of Tm and Yb containing compounds,
the O2-type oxygen tends to locate closer to O1, implying a
certain short-range ordering. However, for the compounds
containing Pr and Nd, the O2 atoms spread throughout the
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Table 2. Main Distances and Angles for All the OS and OOS Compounds

Tm

Gd

Nd

Pr

00S

1.950(3)

oS

1.961(5)

00S

1.947(3)

oS
1.962(7)
1.91(3)
2.40(2)

00S
1.96984
1.91049
246105

(O}
1.99046
1.92199

00S

1.993(15)

oS
2.01(4)
1.95(2)
2.54(2)

00S

1.988(12)

oS
2.002(15)

distances (A) and angles (deg)

Cul/Mol1-01

1.873(19)
2.412(19)

1.895(19)

2.38(19)

1.849(16)
2.406(16)

1.902(19)
2.545(19)

1.949(16)
2.511(16)

1.954(19)
2.547(19)

Cul/Mol1-02

246717

Cul/Mol-02
Cu2—-03

1.9116(3)
1.841(4)
2.271(3)

1.9139(3)
1.837(4)
2.296(4)

1.9142(3)
1.846(3)
2.261(3)

1.9170(3)
1.841(3)
2.285(3)

1.9258(12)
1.835(19)

223(2)

1.9319(13)
1.832(18)
2.265(18)
2.422(8)
2.799(9)
2.751(3)

1.9379(3)
1.837(4)
2.218(4)

1.9405(3)
1.827(3)
2.239(6)

1.9392(3)
1.839(4)
2.205(4)
2.500(1)

1.9423(2)
1.838(4)
2232(4)
2.502(1)

Cul/Mol—-04
Cu2—-04

2.3798(10)
2.820(2)

2.3883(10) 2.3841(9) 2.3821(10)
2.804(2)

2.8026(18)
2.7305(5)

2.434(7)
2.801(8)
2.736(3)

2.4864(12)
2.759(2)

2.4897(14)
2.748(3)

RE-03

2.8243(18)
2.7177(5)

2.7591(19)
2.7617(6)

2.7440(18)
2.7740(7)

Sr—03
Sr—04

2.7162(6)

2.7270(7)

2.7618(7)

2.7714(9)
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Figure 4. Occupation of RE (red) and Sr (blue) within the (0.5 0.5
0.5) crystallographic position as a function of the RE size.

basal plane of the charge reservoir block, reflecting a great
disorder of the Cu oxygen environments. Therefore, the
relative occupation and arrangement of the Ol and O2 are
displaying structural differences within the charge reservoir
blocks between the compounds containing big and small RE
elements.

Upon ozone oxidation, all the compounds show a
contraction in the cell parameters (Figure SI6b) and larger
oxygen occupancy in the O1+O2 sites according to the
Rietveld refinement of the neutron data, illustrating its
insertion in the charge reservoir layer. An increment in & of
0.03, 0.10, and 0.16 have been obtained from the TGA
confirming the insertion of oxygen with the ozone oxidation.
Interestingly, the insertion of oxygen is substantially higher for
the compounds containing the smaller RE, reversing the
relative O1/02 oxygen occupancies to obtain ~52 and 48% for
Tm and Yb compounds. It is worth mentioning that the
distribution of the O1 and O2 remains nearly constant with
respect to the OS samples.

Despite the oxygen insertion, no changes in the symmetry of
the unit cell are detected for any of the present compounds
after oxidation, yet it produces modifications within the crystal
structure, which seem to favor the hole transfer from the
charge reservoir blocks to the superconducting planes.”” Thus,
the copper—apical oxygen distance decreases upon oxidation,
being shorter for the compounds containing bigger RE atoms
(Figure Sa). The shortest copper—apical oxygen distance
corresponds to the compound containing Pr that should then
be expected to have the largest hole concentration in the CuO,
planes presumably due to the enhancement of the charge

transfer. Besides, when the compounds are oxidized, the
interbilayer distance decreases at the expense of the intra-
bilayer distance (Figures Sb,c). The shortening of this distance
reduces the size of the insulating block and strengthens the
interbilayer coupling via the Josephson effect.””** Again, the
shortest interbilayer distance corresponds to the compound
containing Pr. Taking into account the variation of these
bonding distances (d(Cu—OaPical)) with the oxidation, it would
be expected according to previous works'”'? that these
compounds containing bigger RE atoms will be super-
conducting and had higher T¢; however, they do not show
superconductivity, as shown below

3.2. Transport Properties: Magnetic and Electric
Study. Figure 6 shows the temperature dependence of the
magnetic susceptibility under 20 Oe for the OS and OOS
oxides. None of the OS oxides are superconducting above 2 K.
Curie—Weiss fitting of the FC curve at 1000 Oe as a function
of temperature (see Figure SI8) in the paramagnetic regime
gives effective magnetic moments higher than the theoretical
magnetic moment for the corresponding RE for all compounds
once the temperature-independent susceptibility of the Cu ions
is subtracted (Table 3). This suggests the presence of Mo®".
The negative value of the Curie—Weiss temperature 6 for all
compounds indicates the antiferromagnetic behavior of the
spin interactions. Reversible ZFC-FC curves at 20 Oe are
obtained for compounds containing Pr, Nd, and Gd. For the
Tm compound, a sharp rise occurs at ~20 K in the ZFC-FC
curves that has been associated with a spin glass behavior.”® In
the case of the compound containing Yb, as shown in the inset
of Figure 6b, a small bump starts at ~8 K which can be related
to the second AF transition of the secondary phase YbCu,O5.>”
However, the first AF transition at ~15 K characteristic of
YbCu,O5 is not observed. This suggests that the magnetic
anomaly detected comes from the presence of Mo®" better
aligned on the FC mode in the Moy ;Cu,;Sr,YbCu,0, as in the
case of MoOSCuOJSrzYCuZOy.13

In Figure 6, we have observed that after the ozone treatment
those compounds with bigger RE atoms (Pr and Nd) do not
show superconductivity. However, their transport properties
change upon the oxidation as shown in the resistivity
measurements as a function of temperature depicted in Figure
7. The OS compounds present insulator behavior within the
entire temperature regime, while the OOS ones undergo a
metal to insulator transition below 170 K. The compound
containing Gd presents a sharp decrease of the resistivity below
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230 g -
m
< 2.28 "
< 47 Gd
8 . "
E 2.26 -
k]
° Nd
T 224- Pr m
s o L]
L
222 - = 0S
‘ m - 00S
[ ]
2'20 1 1 1 1
112 108 104 100

lonic radii RE* (pm)

<

@

¥} Pr

S350 moy b
2

= ... Gd

S 34 m

> n el Tm
g, g
© g "
g R
E n
8412} C -

c I R
b n L
Sa.08| ‘
?,. | | | RN ] m--0S
g L -
T404p W : : 2008
£ 112 108 104 100

lonic radii RE>* (pm)

Figure §. Main RE—O distances as a function of the RE size in the Moy ;Cug ;Sr,RECu,O, (RE = Yb, Tm, Gd, Nd, and Pr) compounds: (a) apical,
(b) intrabilayer, and (c) interbilayer distances. OS compounds, red; OOS compounds, black.
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Table 3. Curie Temperature (@) and Constant (C) and La,_,Sr,CuO, and Sr,_,Ba,CuO;,s systems, in which the
Magnetic Moment Extracted from the Linear Fitting of the disorder between La®>" and Sr**or betweenSr** and Ba®* result
Inverse dc Susceptibility versus Temperature for All the OS in depressing of Tc.’”>’ Besides, in the nonsubstituted
Compounds” Sr,Cu0;,5 compound, the oxygen ordering highly influences

the Tc.”' It seems that the lack of superconductivity is closely

-1 -1
® () C (emu K mol™ 0e™)  ptep (MB)  firg (4B) related to these structural defects in the

Pr —43.63 1.69 3.67 3.58 M00'3Cu0‘7Sr2RECu20y system.

Nd —50.55 1.77 3.76 3.62 3.3. EELS Spectroscopy and BVS Analysis. The
Gd —3.29 8.06 8.03 794 structural disorder in the compounds Mo, ;Cuy;Sr,RECu,0,
Tm —35.60 7.02 7.70 7.57 (RE= Pr, Nd) does also highly influence the oxidation state of
Yb —110.54 285 478 453 the Cu in the superconducting planes and then the hole-
“Theoretical magnetic moments of the rare earths have been included doping level. In order to analyze oxidation state of copper, a
to compare with estimated calculated moment. BVS study’” was done using the well-known Zachariasen’s
equation with b = 0.37 and R, = 1.600, 1.679, and 1.730 for
17 K. Note that the superconductivity in this compound can Cu', Cu", and Cu" respectively. Taking into account the
only be observed in the resistivity behavior and not in the distances between oxygen and copper within the structure, the
magnetic susceptibility measurements due to the high oxidation state of Cu in the planes and reservoir layers and the
magnetic moment of the Gd that screens the diamagnetic average oxidation state of Cu within the whole structure have
state for higher magnetic fields than 20 Oe.*” Finally, for the been calculated for the OS and OOS samples as shown in
Tm and Yb compounds, the superconducting transition below Table 4. First, in the charge reservoir blocks, if we assume the
~32 K can be visualized in both magnetic susceptibility and presence of Cu'' and Cu', then the value of BVS obtained is
electrical resistivity. Shielding and Meissner fractions of ~40— negative. According to previous work,’* this suggests the
50% and ~30—40% are obtained below 8 K as shown in Figure presence of Cu' in the materials. The increase of the oxidation
8. The linear dependence of the normalized resistivity with the state in the charge reservoir layer for the different RE
temperature at the normal state is related to a strange metal compounds is consistent with the oxygen incorporation after
behavior localized in the phase diagram of cuprates above ozone oxidation. However, after oxidation an increase of the
optimal doping region.’ amount of Cu'™ takes place within the superconducting planes.
Therefore, the superconducting behavior of the oxides of On average, an increase in the Cu oxidation state occurs with
this Mo 3Cu;Sr,RECu,0O, (RE = Yb, Tm, Gd, Nd, and Pr) the decrease in the RE size. However, this analysis cannot
system does not follow the expected trend according to the clearly distinguish if the variation in the Mo oxidation state is

Cu—Opical distances, and only the compounds of lower size interfering in the variation of the Cu oxidation state.
(Tm and Yb) are superconducting (with T¢ below ~32 K). Therefore, EELS spectroscopy at the Cu—L,; edge is an
Coming back to the crystal structure analysis, we found that adequate tool to estimate the average Cu oxidation state and to
the Pr and Nd oxides show the shortest Cu—0,, distances, clarify this key problem.”® The main peak centered at ~931.2
but they present antisite disordering of the Sr and RE atoms eV, associated with the transition from Cu 2p 3d” to Cu 2p
and a more disordered oxygen environment around Cu within 3d' (underline denotes the presence of a hole in the Cu 2p
the charge reservoir blocks. Structural disorder has been found orbital), corresponds to the divalent copper Cu", and the
in other superconducting cuprates, such as those of the shoulder at ~932.6 €V, due to the transition from Cu 2p 3d°L
12045 DOI: 10.1021/acs.inorgchem.8b01594
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Figure 8. FC-ZFC curves under a magnetic field of H = 20 Oe of the
Tm and Yb OOS compounds reflecting the superconducting and
Meissner fractions.

to Cu 2p 3d"°L (underlined L indicates the presence of a hole
in the O 2p orbital), is related to trivalent copper Cu™ (Figure
9).%3¢ Through the relative intensity of these two peaks fitted
with a Voigt function, the average Cu oxidation state has been
obtained according to

I

Vo =2 + Cu(llI)

u

Tewam + Tcua

The obtained results for the oxidized compounds containing
Yb, Tm, Gd, and Nd (Cu—L,; edge of the compound

containing Pr overlaps with the Pr—M;, edge) confirm the
average Cu oxidation state calculated by the BVS analysis.
Therefore, the average Cu oxidation state of the oxides with
the bigger RE atoms (Pr and Nd) is in agreement with the
absence of superconductivity in these compounds.

With regard to the evolution of hole-doping as a function of
the RE size, it can be better observed by means of EELS
spectroscopy at the O—K edge, which allows identification of
the hole transfers to the superconducting planes.”> In Figure
10a, the broad prepeak at ~530—531 eV is associated with the
transitions in the upper Hubbard band (UHB), while the
prepeak at lower energies (~528.4 €V) is due to the transition
from O 1s 3d°L to O 1s 3d’ because of the excitation of O s
electrons to O 1p holes in the superconducting planes.’*° In
contrast to previous work,”” in which no change was detected
at the prepeak in the O—K edge for the Y, _,Pr,Ba,Cu;0, with
Pr introduction, we can observe in Figure 10b a spectral weight
transfer to lower energies in parallel with the decrease of the
RE size, which indicates a higher hole doping level at the CuO,
planes for the compounds containing the smallest RE.

Additionally, the O—K edge allows the Sr and RE oxygen
environments to be identified in order to confirm the antisite
disorder shown from the diffraction techniques. The spectral
weight in the region between 532 and 537 eV is associated
with the RE—O and Sr—O contributions. In the case of Yb and
Tm compounds, two different contributions are clearly
observed due to the different sites for Sr and RE. On the
contrary, for the Pr and Nd compounds, only one contribution
can be observed, indicating similar Sr—O and RE—O distances,
which can be attributed to the mixing between Sr and RE in
the two sites.

These results show that antisite disordering between the big
RE elements (Pr and Nd) and Sr and the lack of ordering of
the oxygens around the Cu cations in the charge reservoir
blocks affect the hole doping within the CuO, planes,
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Table 4. Cu Oxidation State in the Charge Reservoir Blocks (Cul) and the CuO, Planes (Cu2) and Averaged (Cur)
Calculated by BVS Analysis for the OS and OOS Oxidized Compounds”

Pr Nd Gd Tm Yb
oS 00S (O 00S oS 00S oS 00S (O 00S
BVS
Cul 1.70 1.76 1.77 1.81 1.76 1.87 1.75 1.94 1.81 1.97
Cu2 2.28 2.33 2.28 2.33 2.33 2.41 2.45 2.49 2.47 2.51
Curp 2.13 2.18 2.15 2.19 2.18 2.27 2.27 2.35 2.28 2.38
EELS
Cup 2.18 2.24 2.38 2.33

“For comparison, the average Cu oxidation state determined by EELS spectroscopy for the OOS compounds has been included.

O Experimental
—— Fitted curve
Cu (Il
L Cu (Il
E}
s
2
]
c
2
=
928 930 932 934 936
Energy (eV)

Figure 9. EELS spectra at Cu—L;, edge for the
Mo, 3Cuy;Sr,YbCuyO, OOS compound. The fitted curve in red
results from the sum of the deconvoluted peaks for Cu (II) and Cu
(II1) in green and blue, respectively.

precluding the superconducting behavior. On the contrary, the
Yb and Tm oxides, without antisite disordering and having
optimal hole-doping, are superconducting. This point is
reaffirmed as the compound containing Gd is located in the
under-doped middle region.

4. CONCLUSIONS

We have prepared a series of superconducting oxides in the
system Mo, ;Cu,,Sr,RECu,0,, with RE = Tm, Yb, and Gd, by
ozone oxidation. The high reactivity of the ozone gas at
relatively low temperatures allows one to induce super-
conductivity in these compounds at <32 K with higher
superconducting fractions than by other oxidation methods in
an optimal doping regime.

The superconducting properties of the
Mog;Cuy;Sr,RECu,0, system are very much influenced by
the size of the RE, which strongly affects the crystal structure
and hole concentration. The molibdo-cuprates of the bigger
RE atoms (Pr and Nd) do not show superconductivity despite
having the shortest Cu(2)—0,cy distances As clearly shown
here, these compounds show both RE/Sr antisite disorder and
disorder of the oxygen sublattice within the charge reservoir
blocks.

superconducting properties of the cuprates, it is then essential

In order to understand the evolution of the

to take into account not only structure and composition but
also ordering in both the cationic and anionic sublattices.
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Figure 10. EELS spectra at O—K edge of the Mo, ;Cug;Sr,RECu,0,
(RE = Yb, Tm, Gd, Nd, and Pr) OOS compounds. In the O—K edge
spectra of the Moy ;Cuy;Sr,PrCu,0, compound, (a) the two zones in
blue and orange corresponding to holes-related peak and UHB peak,
respectively, are shown. (b) The O—K edge spectra for all the
compounds showing the variation of the hole-related prepeak by a
dotted black line are plotted. The marked zones in green and gray
correspond to the RE—O and Sr—O signals, respectively.
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