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film matrix.

Gd-YBayCu307.5 (Gd-YBCO) thin films with 10 mol% and 20 mol% excess-Gd concentration with respect to Y
were investigated at the Gd L and Y K core absorption edges by EXAFS spectroscopy with the aim of determining
the local structure of the Gd dopant. To this purpose, EXAFS data were collected also on GdBayCuzO7.5 (GABCO)
and pristine YBCO films and on Gd;03 and Y203 model compounds for comparison with the YBCO films with Gd
excess. The EXAFS analysis was based on Y and Gd oxides as well as on a cluster obtained by Density Functional
Theory (DFT) where Gd atoms were inserted substitutional to Y atoms. The EXAFS data clearly reveal the
incorporation of Gd in the lattice as substitute of Y and no evidence of segregated Gd oxide was found within the

1. Introduction

High-temperature superconductivity has been a subject of intense
research since the discovery of cuprate superconductors in the late
1980 s[1]. One of the most promising cuprate superconductors is the
YBayCu307.s (YBCO) compound, which exhibits a high critical temper-
ature (T.) of around 90 K[2]. The YBCO compound in the form of thin
films has important applications as for example in the development of
superconducting cables for the production of the huge magnetic fields
needed in the fusion reactor technology [3,4]. Even though YBCO tapes,
or more generally Rare Earths — Barium - Copper Oxide (REBCO) to
which YBCO belongs, have already achieved performances suitable for
applications, there is still room for further improvements, in particular
of the critical current density (J.) behavior in magnetic field conditions.
Under these conditions, high J. depends on the capability of preventing
the movements of magnetic flux quanta, or vortices, created inside the
superconductor, keeping them “pinned” by lattice or structural defects.
The controlled introduction of suitable flux pinning centers for samples
with excellent J. behavior was successfully demonstrated [5,6]. Among
others approaches, effective pinning centers in YBCO can be created by a
doping with suitable nanodimensional oxide compounds[7] and by the
addition of extra rare-earth (RE) elements to the YBCO lattice[8].
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Following this scheme, Gd doping in YBCO in the substitutional (mixed)
form of RE,Y;,BCO [9-11] has been shown to improve the super-
conducting properties of YBCO thin films, including an increase in J..
because chemical substitution induces changes of the lattice properties
in localized areas around the dopant which behave as defects that pin
the vortices [12]. In case of Gd added in excess [13-15], improved
critical current performances were reported, showing that effective
pinning centers are promoted as well. On the other hand, in the latter
case, an important question about the Gd fate in Gd-YBCO systems
concerns the arrangement of the dopant in the lattice when Gd is added
in excess with respect to Y (Gd,YBayCu3O7.5 Gd-YBCO): does the Gd
dopant substitute Y in the lattice or does it agglomerate in different
phases? Clearly, determining the atomic arrangement is an important
step for understanding the physical-chemical properties of the mixed
cuprate compounds. In the case of Gd-YBCO, it is reasonable to expect
either the Gd substituting Y in the YBCO lattice with the subsequent
formation of Y oxides such as Y203 or simply the direct formation of Gd
oxides if no substitution occurs. This issue has been addressed in a
previous work by Pinto et al. [15] where X-Ray Photoelectron Spec-
troscopy (XPS) and Scanning Transmission Electron Microscopy (STEM)
results on excess 5% and 10% Gd-YBCO films grown by Chemical So-
lution Deposition (CSD) have shown that Gd was uniformly dispersed in
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the YBCO matrix. The need to better clarify the fate of Gd in Gd-YBCO
film it is not merely driven by academic curiosity but it is related to a
more fundamental issue aimed at the assessment of the full potentiality
of this approach for J. improvements. In fact, a huge number of studies
have been already carried out on the introduction of Artificial Pinning
Centers (APCs) in REBCO film by CSD [16-22]. However, the obtained
J(B) enhancement could still not compete with those of the analogous
films made by physical methods, especially at low temperatures and
high magnetic fields [5,23,24]. Therefore, a deeper comprehension of
the growth process of mixed REBCO materials could allow to better
manage the introduction of nanometric defects obtained through CSD
method.

In this work, an EXAFS investigation of the structure of excess Gd-
YBCO films with 10% and 20% excess Gd (with respect to Y) is pre-
sented, with the aim to ascertain the behavior of Gd in the YBCO lattice
and possibly confirm the results about the local structure reported in
Ref. [15]. The data obtained from the Gd-YBCO films are compared with
GdBCO and YBCO thin films, Y203 and GdyO3 powders and with an
ab-initio theoretical model of a YBCO relaxed lattice containing Gd in
the first Y neighbor shell.

2. Materials and methods
2.1. Sample preparation

A low-fluorine Metal Organic Decomposition route was used for
preparing highly-epitaxial standard YBCO and excess Gd-YBCO thin
films with 10 mol% and 20 mol% excess-Gd concentration with respect
to Y. The precursor solution was obtained dissolving in propionic acid Y,
Gd, Ba and Cu metalorganic salts in the stoichiometric ratio of 1: x: 2: 3,
where x = 0; 0.1; 0.2 for YBCO, Gd10%-YBCO, Gd20%-YBCO respec-
tively. The films, about 80 nm thick, were deposited on SrTiO3 (100)
single crystals by spin coating. The crystallization step was carried out at
a temperature equal to 830 °C in a humid mixture of nitrogen and ox-
ygen (flow rate No: 2.83 L min~!, Oy 1.1510° L min™Y). A further
treatment was performed at 450 °C in pure oxygen flow in order to
promote the complete REBCO oxygenation. More details on solution
preparation and on the thermal treatment are provided in Refs. [15,25].
The GdBCO precursor solution was obtained dissolving in anhydrous
methanol Gd, Ba and Cu metalorganic salts in the stoichiometric ratio of
1: 2: 3. Films were prepared by depositing the precursor solution on
LaAlOs single crystals via spin coating. The crystallization step was
carried out at the temperature of 810 °C with an oxygen content equal to
50 ppm. The film thickness was 220 nm. The preparation techniques are
extensively reported in Refs. [10,26].

2.2. Film characterization

The morphology was investigated through Scanning Electron Mi-
croscopy (SEM) images recorded by a Gemini LEO 1525 field emission
high-resolution SEM with 10-20 kV accelerating voltage and in-lens
high-resolution annular detector. X-ray diffraction (XRD) analysis was
performed to study the film structural properties. A Rigaku Geigerflex
diffractometer with Cu Ko radiation was used in a Bragg Brentano
configuration.

The zero-resistance critical temperature, T, was assessed through R
(T) measurements performed by d.c. electric measurements in the four-
probe configuration with a 2420 Keithley current sourcemeter (used
current 100 pA) and a 2182 A Keithley nanovoltmeter. Oxford vibrating
sample magnetometer (VSM) equipment provided with a super-
conducting magnet was used for the analysis of magnetic properties.

2.3. X-ray absorption spectroscopy

Extended X-ray Absorption Fine Structure (EXAFS) is measured at a
core (typically K or L) absorption edge and is due to the interference of
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the absorber’s photoelectron wave with the scattered waves from the
neighbor atoms. By measuring and analyzing the oscillatory variations
of the x-ray absorption signal as a function of energy, it is possible to
achieve information about the environment around the absorber atom.

2.4. Data collection

EXAFS measurements were carried out at the Italian CRG beamline
LISA [27] at the ESRF (Grenoble, France). Si(111) crystals were used for
the monochromator and Si(Pt) coated collimating/focusing mirrors
were used for the Gd-Lg @ 7243 eV (Y-K @ 17038 eV) edges. Data were
collected at room temperature and in fluorescence mode using a 12 el-
ements High Purity Germanium detector. In order to enhance the signal
from the thin film a grazing incidence geometry was adopted with the
sample surface perpendicular to the beam polarization vector and an
incidence angle of 5°. The Gd20O3 and Y203 model compounds were
obtained from commercial powders and pressed in pellets using cellu-
lose as binder and limiting the maximum absorbance to p<1.5 in the
spectrum energy range. The Gd;0O3 and Y03 standards were measured
in transmission mode.

2.5. Data analysis

EXAFS spectra were extracted with the ATHENA code and fitted with
the DEMETER 0.9.26 package [28]. The theoretical EXAFS signals were
calculated with the FEFF-6 code embedded in DEMETER. For the model
compounds the structures Yo03 [29], YBCO [30], Gd203 [31] and
GdBCO [32]were considered for the generation of the theoretical EXAFS
paths. The theoretical paths of Gd in YBCO were generated from a
cluster obtained by Density Functional Theory (DFT) as implemented in
the VASP [33] code. A unit cell of YBCO taken from the crystallographic
determination was firstly relaxed and from that a 331 supercell was
derived. In this supercell 2 Gd atoms were inserted substitutional to 2 Y
(a central Y and a 4th neighbor) and the supercell was relaxed again.
Calculations were done with projector augmented wave (PAW) pseu-
dopotentials and the exchange-correlation functional used was the
Perdew-Burke-Ernzerhof for solids (PBEsol) [34]. At each ionic step, the
electronic structure has been optimized until attaining a convergence of
the total energy within 107 eV, whereas the atomic positions were
optimized until Hellman-Feynman forces were below 10~ eVA™1.

3. Results and discussion
3.1. Film properties

In Fig. 1 the SEM images of YBCO films deposited on STO with
different Gd content are shown. YBCO films exhibit the typical
morphology of MOD deposited samples showing a compact and flat
surface with complete grain coalescence (Ref.[15]). The presence on the
surface of randomly distributed spherical particulates, with size about
100 nm or smaller, can be also recognized. These particulates were often
assigned to secondary phases, mainly binary oxides, such as (Y,
Gd),Cuy0s, or Cu oxides segregated at the surface during the YBCO film
growth stage (see Fig. S1 in the Supplementary Materials of ref.[15]).
The introduction of 10% Gd in excess of Y appears quite ineffective to
the film morphology. SEM images reveal very similar features of the
pristine YBCO film (see Fig. 1b) with a slight increase in the presence of
spherical particulates on the surface. On the other hand, a further in-
crease in Gd introduction up to 20% in excess with respect to Y leads to a
dramatic change in the film morphology characterized by the presence
of a relevant fraction of a-axis grains with their typical needle behavior
and as well as slightly tilted grains. Due to this, the surface appears more
disordered with not complete coalescence among grains (Fig. 1c). It is
worth noticing that the high content of a-axis grains (Fig. 1c) of the
Gd20%-YBCO sample is probably due to the adopted thermal treatment
that is optimized for YBCO growth, but not for GdBCO [35,36].
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Fig. 1. SEM images at the same magnification of (a) YBCO, (b) Gd10-YBCO, and (c) Gd20-YBCO films. Scale bar: 200 nm.

Remarkably, there is also a large increase in the density of spherical
particulates. TEM analysis carried out on 5%Gd-YBCO films [15],
revealed a mixed composition Y-Gd-Cu (a reliable quantitative estimate
has not been possible) in the spherical particulates consistent with the
formation of a (Y,Gd)2CupOs phase. Assuming that a similar feature
could be extended to films with higher excess of Gd, one can infer that
increasing Gd content promotes the formation of (Y,Gd)2Cuy0s phases.
In addition, no traces of Y203 crystals was detected by TEM [[15]]. More
insight can be gained by analyzing the XRD spectra of these films. In
Fig. 2, the relevant part of the spectrum for YBCO and Gd-YBCO samples
are shown. The presence of the (004) YBCO peak reveals that all films
are mainly c-axis oriented. However, the low angle shift of the peak
position in Gd-YBCO films is consistent with a mixed YBCO+GdBCO
reflection with a smaller fraction of GABCO phase (e.g. PCPDF cards #
410173 and 381433 for GdBCO7 and YBCO?7, respectively). This would
imply that at least some fraction of the introduced Gd forms GdBCO
phases, with Gd ions occupying the same crystallographic position of Y
in YBCO. In addition, reflections related to the presence of binary oxides
progressively increase with the Gd excess. In particular, peaks ascribable
to RE;CuyOs clearly emerged in the spectrum of 20% Gd. A similar
behavior is shown by the reflection peaked at about 29.5° consistent
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Fig. 2. X-ray 0—26 patterns of different samples. The vertical lines indicate the
peak position ascribed to (004)YBCO (continuous black line), (004)GdBCO
(dash dotted magenta line), Y,BaO4 (dashed orange line), and YoCu,Os (dotted
olive line). The symbols # and * indicate the Y,O3 and (103)YBCO
peak positions.

with increasing contributions of RE;BaO4 or REaBaCuOs in the film with
20% Gd excess. Similarly to the (004) peak shift, the shift of this peak to
lower angles is coherent with a reduced Y fraction in (Gd,Y)2BaO4 and
(Gd,Y);BaCuOs systems. Interestingly, no clear peaks ascribable to
REO3 can be detected in the spectra of YBCO and Gd-YBCO films.
Another remarkable feature is the presence of a broad high angle tail of
the (004)YBCO peak in the 20% Gd-YBCO film consistent with the
increased contribution of RE;Cuy0s, RE;BaO4 or RE;BaCuOs secondary
phases.

The superconducting properties of YBCO and Gd-YBCO films were
evaluated by measuring T, and J,. values. First of all, a slight increase of
the T, values due to Gd addition can be recognized, namely 90.2+ 0.4 K,
90.3+ 0.1 K, and 90.8+ 0.2 K, for YBCO, Gd10%-YBCO, Gd20%-YBCO,
respectively. This result is consistent with the T. of GABCO generally
higher than YBCO, i.e. around 94 K [36,37]. J. data at most relevant
conditions are summarized in Table 1. As it can be seen, at 77 K
Gd20%-YBCO exhibited self-field J. values comparable to pure YBCO
ones but lower than Gd10%-YBCO. Apart from this, similar magnetic
field dependences were recorded as shown by the data at 1 T and 3 T.
The presence of a high content of a-axis grains in Gd20%-YBCO (Fig. 1c)
can explain this behaviour at 77 K. On the other hand, at 10 K an evident
increase in J. dependence from magnetic field can be appreciated. When
an external magnetic field is applied, Gd20%-YBCO films showed
improved J. values at both 1 and 3 T with respect to the undoped film.
Moreover, when the J. values are normalized with respect to the self
field Joo, the improvement of in-field Gd20%-YBCO performances is
more evident (Fig. 3). Hence, the introduction of Gd in YBCO leads to a
strengthened J. behavior in magnetic field mainly at low temperatures.
This indicates that Gd excess promotes vortex pinning introducing
pinning centers effective at low temperatures.

3.2. Qualitative analysis

The EXAFS data will be discussed here in a qualitative way.

Fig. 4a shows the EXAFS signals (kzx(k)) measured at the Gd L3 edge
of the reference compound GABCO and superimposed to the k2y(k) of
Gd20%-YBCO sample. The reference GdBCO and Gd20%-YBCO spectra
appear nearly identical indicating that the environment around the Gd

Table 1
Critical current density (J.) measured with VSM at 77 K and 10 K and different
applied magnetic fields.

Temperature Applied YBCO! Gd10%-YBCO Gd20%-YBCO
(K) Field (T) (MA-cm™?) (MA-cm~?) (MA-cm™2)
77 0 1.71 + 0.64 2.75 1.30
1 0.10£0.02 0.11 0.12
3 0.02 £ 0.01 0.02 0.02
10 0 15.5+0.6 21.3 14.1
1 3.29+0.65 4.53 4.15
3 1.80+0.37 2.43 2.30

1the mean and standard deviation of results obtained for several samples prepared in the same laboratory

and with the same procedure are provided.
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absorber is similar. Fig. 4c shows the k?(k) data obtained at the Y K edge atomic environment around the Y absorber is not much affected by the
of the reference YBCO and the Gd20%-YBCO sample. The superimposed Gd doping. However, small intensity differences are visible indicating
data are again similar up to about 10 A~ showing in this case that the the presence of disorder in the YBCO lattice around the Y absorber
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probably because of the Gd addition. In Fig. 4b the Gd L3 Gd10%-YBCO
data show that the structure of the oscillations is similar to the Gd20%-
YBCO although with a lower amplitude. At the Y-K edge (Fig. 4d) the
Gd10%-YBCO amplitude is similar to the 20%-doped sample up to about
7 A~ and becoming smaller at higher k. Lower amplitude oscillations
are presumably due to an increased structural disorder. These two cases
strongly suggest the occurrence of Gd in an environment close to that
found in the reference GABCO. The environment of Y is not dramatically
altered by the presence of Gd further supporting the idea of incorpora-
tion of Gd in the YBCO lattice substituting for Y.

In Fig. 5a and b the Gd20-YBCO data are superimposed for com-
parison to the EXAFS signals of the Gd,03 and Y503 at the Gd Lg and Y K
edge, respectively. Data show that the shape and intensity of the Gd and
Y oxides are very different from the Gd-doped YBCO films ruling out the
hypothesis of segregation of these ions in these oxide phases. In order to
estimate a minimum detectable secondary phase, we have constructed
spectra of mixed x*Gdy03 + (1-x) GABCO with x=2, 5, 10 and 20% and
made a linear combination fitting with the original phases to determine
the minimum detectable. Simulations of mixed-phase spectra revealed
that the minimum detectable secondary phase is 5%.

3.3. Quantitative analysis

The quantitative analysis was carried out by calculating theoretical
EXAFS paths with the FEFF6 code starting from the crystallographic
structures of the model compounds or the cluster obtained by the DFT.
As Fig. 6 suggests, the structural model consisted in a first (Absorber)-O
shell (Fig. 6a), a second (Absorber)-Cu shell (Fig. 6b), a third (Absorber)-
Ba (Fig. 6¢) and a fourth (Absorber)-(Y/Gd) mixed shell (Fig. 6d) with
Absorber =Y or Gd depending on the edge under analysis. The 4th shell
was considered as composed by 4 atoms either Gd or Y with variable
occupation implemented via the Y fraction parameter Yg,. (variable
from 0 to 1). With a nominal Gd doping = 0.2, the expected Yg,. value is
0.8. The fitted Yg, parameter resulted 0.6 + 0.1. However, this value is
considered to be acceptable accounting for the model complexity (5
shells are necessary to reproduce the data) and noise in the data. Table 2
summarizes the results of the EXAFS analysis, while the reference pa-
rameters for the YBCO and GdBCO lattices and for the DFT VASP model
are summarized in Table 3.

Fig. 7a shows the magnitude of the Fourier transform (FFT) of the
Gd20%-YBCO EXAFS signal taken at the Gd L3 edge and the magnitude
of the FFT of the fitted theoretical EXAFS spectrum. The fitting within
the same scheme of the data for Gd10%-YBCO EXAFS at the Gd L3 edge
gives a similar result, which is shown in Fig. 7b.

The structural parameters of the DFT models (Table 3) are in good
agreement with the experimental data (Table 2) further supporting the
picture of the Gd excess atoms substituting Y in the YBCO lattice. Results
indicating a possible substitution of Y with Gd in the Gd-doped YBCO
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Table 2
Results of the EXAFS analysis at the Gd-Ls edge for the Gd20%- and Gd10%-
YBCO films.

Gd20-YBCO Gd10-YBCO
shell N o2 (AY) R (A) o2 (A) R (A)
1*to 8(1) 0.005 (1) 2.42 (2) 0.006 (1) 2.42 (2)
2™ cu 8(1) 0.004 (1) 3.22(3) 0.007 (1) 3.24(3)
39Ba 2.0 (3) 0.002 (1) 3.69 (3) 0.005 (1) 3.71(3)
4thy 2.5(5) 0.003 (1) 3.85(4) 0.006 (1) 3.84(4)
4t Gd 1.6(5) 0.002 (1) 3.89 (4) 0.004 (1) 3.80 (4)

N is the coordination number. 62 is the EXAFS Debye-Waller factor and R is the
absorber-scatterer distance.

Table 3
Reference parameters for the YBCO and GdBCO lattices and for the DFT VASP
model.

shell Ryx (A) YBCO[ref.18]  Rgqx (A) GABCO  Rgay (A) Gd:YBCO [VASP]

[ref.20]
10 2.39 2.41 2.39
2Mcu  3.21 3.22 3.19
39Ba 3.69 3.68 3.65
4thy 3.82-3.89 3.81
4t gd 3.85-3.90 3.87

lattice have been reported in recent work [15]. In that work XPS and
High-Angle Annular Dark-Field STEM (HAADF-STEM) data showed the
possible presence of Gd atoms in Y sites, in accord with the EXAFS re-
sults presented here. More, STEM microscopy detected stacking faults in
the film bulk in form of broadly dispersed YBapsCusOg (Y124) in-
tergrowths causing strain in the YBCO matrix. This kind of defects and
lattice distortions may affect the EXAFS data and could be a possible
explanation for the observed amplitude differences in the k%(k) of
different samples and uncertainties in the fitting results.

In addition, it is worth noting that the signal of interest is generated
by the fourth shell which is influenced by the interference of the heavy
Ba atoms in the third shell and could play a role in the correct deter-
mination of the stoichiometry.

4. Conclusions

In summary, Gd-doped YBCO films with improved superconducting
performances were studied by EXAFS with the aim of determining the
position of the Gd atoms in the YBCO lattice. Results from the com-
parison of the k?y(k) EXAFS data with undoped standards and the fitting
to a theoretical ab-initio DFT relaxed lattice model containing a Gd atom
in the first-neighbour Y shell have indicated that the Gd atoms assume
the positions of Y in the doped lattice. Possible other Gd-related

Fig. 6. Scheme of the unit cell: red spheres are Y/Gd atoms, oxygen atoms are blue, copper are green and barium atoms are yellow. The central Y/Gd atom has been
connected to the first neighbours taken into consideration in the model: a) the first oxygen shell, b) the copper first neighbours, c) the two closest barium atoms, d)

the next Y/Gd atoms.
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Fig. 7. a) GdL3 edge. Black dotted line: FFT modulus of the Gd20% doped-
YBCO EXAFS signal. Red continuous line: model fit; R-factor = 0.0254. b)
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signal. Red continuous line: model fit; R-factor = 0.0096. The Fourier Trans-
formed EXAFS data were fitted in the R interval 1.3-4.0 A.

secondary phases were not detected, thus are below the EXAFS detection
limit (about 5% within the bulk). However, XRD spectra demonstrate
that binary oxides, such as (Y,Gd)2Cuy0Os, were actually formed. They
can be mainly identified as the particulates observed by SEM analyses on
the film surface whose density increases with Gd content. Since EXAFS
technique is recognized to be less sensitive to the phases present on the
surface, we can conclude that most of the Gd-related secondary phases
are segregated at the surface. From EXAFS, we obtain the key infor-
mation about the incorporation of Gd on the Y site of the YBCO lattice.
This result demonstrates that Y/Gd substitutions can be promoted in
YBCO systems when Gd atoms are added in excess with respect to Y.
EXAFS results ultimately encourage further studies aimed at the full
assessment of the potentiality of the adopted synthesis approach for the
optimization of YBCO film properties.
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