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Thermal instability of a cation-disordered NdBa2Cu3O7 superconductor
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The influence of Nd3+/Ba2+ antisite disordering on local structural distortions and the thermal stability of neodymium–barium
high-temperature cuprate superconductors are studied.

The anomalous peak effect phenomenon associated with the
outstanding magnetic and electric properties of a NdBa2Cu3O7
high-temperature superconductor results from flux pinning on
nanoscale compositional fluctuations formed in a supersaturated
solid solution due to its subsolidus decomposition or demixing.1–5

In this work, the phase stability and the local structure of a
famous NdBa2Cu3Oz superconductor were analysed in the
samples with different cation ordering.

Pseudocubic Nd1 +xBa2 –x(Cu0.97
57Fe0.03)3Oz samples (x = 0, 0.6)

for a combined study by Mössbauer spectroscopy, TEM, thermal
and chemical analyses were obtained by the freeze drying of
aqueous solutions prepared from chemically pure Nd(NO3)3·6H2O,
Ba(NO3)2 and Cu(NO3)2·xH2O salts and single-isotope 57Fe foil
dissolved in nitric acid. The aqueous solution was sprayed in
liquid nitrogen and cryogranules thus obtained were freeze-
dried under vacuum by slowly rising the temperature from
liquid nitrogen up to 40 °C for 4–5 days (SNH-15, Usifroid).
The semifinal carbon-free bluish salt product was converted
into a black oxide precursor by additional drying at 150 °C for
3–5 h with further fast decomposition at 750–950 °C for 30 min.
A special two-step procedure was used to prepare pseudocubic
Nd123 samples.6–8 The first stage consisted in the preliminary
annealing of 5 mm pellets of the oxide precursor at 750 °C for
15–70 h in air. The second step was re-grinding, pressing and
short-term (2–5 h) annealing at 950–1000 °C on MgO plates in
air followed by quenching in liquid nitrogen. The Fe content
was fixed at 3 at% at copper positions to record better quality
spectra and, at the same time, to avoid the clustering of Fe in
the lattice.9 A half of each powdered sample was isothermally
oxidised at 350 °C for 40–50 h and finally furnace cooled in the
same boat in dry oxygen. The oxygen content of the samples
was found by iodometric titration and thermal analysis (Perkin–
Elmer Pyris Diamond; temperature range, 20–1000 °C; heating
and cooling rates,  5 K min–1; standard, Al2O3; sample weight,
10–15 mg).

Routine X-ray powder diffraction experiments for phase
identification were carried out within the 2q range 20–70° with
a step of 0.03° (STOE diffractometer, CuKα1). Lattice constants
were determined using powdered samples with finely dispersed
germanium as an internal standard (FR-552 monochromator
chamber, CuKα1) followed by the standard least-squares cal-
culation procedure. The sample microstructures were studied
using either scanning electron microscopy (JEOL 840 EPMA)
combined with microanalysis or transmission electron micro-
scopy (TEM) combined with selected area electron diffraction
(JEOL 2000FX, Japan). AC susceptibility measurements for Tc
determination were performed in applied fields of 10 Oe at 27 Hz
within the temperature range 17–100 K (APD-Cryogenics). The
temperature was screened by a controller from Scientific Instru-
ments Inc. (series 5500). 57Fe Mössbauer spectra were measured
at room temperature using an electrodynamic spectrometer with
a constant acceleration. The radiation source was 57Co(Rh). The
actual isomer shifts were adjusted according to α-Fe. Defect
structure simulation was performed using the General Utility
Lattice Program (GULP) software with input parameters adopted
from refs. 10 and 11.

The transfer of cations in a certain stoichiometric ratio from
a water solution with almost molecular mixing of reagents into
final ceramics makes freeze-drying one of the most effective
methods to produce chemically homogeneous complex phases
at the lowest temperatures.4,5 Fully oxygenated XRD – pure
NdBa2Cu3O6.9:57Fe samples demonstrated superconductivity
transition temperatures drastically dropping down if the pre-
paration temperature is set below 900 °C (Table 1). We found
that such a discrepancy in Tc is accompanied by a specific dif-
ference in the XRD patterns of the samples, namely, single
pseudocubic phases with almost equal a, b and c/3 parameters
form below 900–950 °C (Table 1). This is a sign of cation
re-distribution within a crystal lattice, as we detected earlier
by EXAFS, XRD and Raman scattering spectroscopy.4,6–8 An
intermediate low-temperature treatment may predetermine a low
Tc in Nd123 samples, especially for chemically homogenised
submicron-particle precursors. The two-stage treatment described
above allowed us to obtain for the first time intentionally and
reproducibly pseudocubic neodimium–barium cuprates with the
1:2:3 stoichiometry.

Possible reasons for the unusual behaviour of pseudocubic
phases can be revealed after the analysis of fitting parameters
of Mössbauer spectra (Table 2). The hyperfine parameters of
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Figure 1 Mössbauer spectra of pairs of fully oxygenated Nd1.6Ba1.4-
(Cu0.97

57Fe0.03)3O7.29(1) (336) and NdBa2(Cu0.97
57Fe0.03)3O6.93(1) (123) samples

of the same composition produced at different temperatures in air (850 or
980 °C). The D2 component is drawn by a thick solid curve.

Table 1 Lattice constants of Nd1 + xBa2 – xCu3Oz:57Fe single phase samples. 

Compound a/Å b/Å c/Å

NdBa2(Cu0.97
57Fe0.03)3O6.93(1)

produced at 980 °C (Tc = 56 K)3.901(1) 3.901(1) 11.716(1)
produced at 850 °Ca

aNon-superconducting.

3.906(1) 3.902(1) 11.698(2)
‘ideal’4,5 NdBa2Cu3O6.90 3.916–3.918 3.858–3.868 11.745–11.772
‘abnormal’4,5 NdBa2Cu3O6.88 3.902–3.908 3.896–3.899 11.706–11.719
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the D1, D3, and D4 components correlate well with reference
data.6,9,12 The D3 component corresponds to tetravalent iron in
the Cu(1) position with a planar rhombic oxygen configuration
[FeIV

Cu(1)O4]. The D1 component matches a pyramidal oxygen
shell of trivalent iron at the same copper site [‘FeIII

Cu(1)O5’]. The
D4 component looks alike ‘FeIII

Cu(2)O6’  octahedra in the Cu(2)
planes distorted because of the displacement of the apical
oxygen atom O(3).

A specific feature of both pseudocubic Nd123 and the sub-
stituted solid solution is the existence of D2 component (Figure 1)
never observed for the reference YBa2Cu3Oz compound and
associated with iron atoms at Cu(1) sites. A small value of
quadrupole splitting of D2 itself might allow the assignment
of D2 to an octahedral configuration in this particular case of
rare-earth barium cuprates.6 Hommonay reported9 only highly
symmetrical octahedra with iron(III ) at Cu(1) sites, while the
D2 component corresponds to distorted octahedra with formally
tetravalent iron in the same position. It is evident that the D2
component appears due to neodymium-for-barium substitution
since its contribution directly increases along with x for both
quenched and oxidised solid solution samples (Table 2). The
FeIV

Cu(1)O6 octahedra are deformed as a result of asymmetry of
the second coordination sphere since the second-order neighbours
around them could be either barium atoms in their own posi-
tions or neodymium. The increase of the iron oxidation state for
the D2 component can be explained by the formation of a
FeIV

Cu(1)O6–NdBa defect associate. In this case, the O(4) oxygen
atom, supplementing the iron six-fold coordination, is stabilised
by neodymium in the barium position demanding the occupa-
tion of former vacancy chains by oxygens. A hole in this case
does not transfer into the Cu(2)O2 plane or onto NdBa defects;
preferably, it is caught by iron atoms in valence-saturated poly-
hedra forcing 57Fe to be formally tetravalent. Therefore, the
small isomer shift and relatively large quadrupole splitting are
both reasonable for the D2 component making the D2 component
a fingerprint of substituted neodymium–barium cuprates.

The c parameter of Nd123:Fe and Nd336:Fe phases becomes
evidently smaller after their preparation at a lower tempera-
ture; such a Nd123:Fe sample demonstrates strongly suppressed
superconducting properties after complete oxygenation (Table 1).
The reason is a pronounced contraction of a charge reservoir
block in the structure if a smaller Nd3+ ion enters the Ba2+ site
and extra-oxygen is caught by the FeO6–NdBa defect associates.
Tc suppression could also be caused by substantial local distor-
tions around NdBa as found by EXAFS and simulation with

GULP.10,11 The Mössbauer spectra of both Nd123:Fe and
Nd336:Fe samples also confirm that the sample preparation
history is important since it affects the local structure. In both
the cases, an increase of the preparation temperature decreases
the contribution of the D2 component (Figure 1). These results
prove the possibility of a partial antisite exchange of neodymium
and barium between their crystallographic positions. This is the
only assumption that preserves an overall Nd:Ba:Cu = 1:2:3
phase composition, results in the reduction of c parameter of
the unit cell and its orthorhombicity due to extra oxygen atoms
in the former vacancy chains and local distortions of perovskite-
like blocks. 

The TGA curves of fully oxygenated pseudocubic Nd123
samples are unusual since they demonstrate an increase of the
sample weight on heating (Figure 2). This is a reproducible
phenomenon since it is present in several pseudocubic samples
produced at different temperatures and also in samples of a
different series obtained at 850 °C (Figure 2, see also ref. 8 for
samples without iron doping). The weight gain is irreversible
since heating and cooling curves are different (Figure 2, inset).
Therefore, it is an evidence for a non-equilibrium process occur-
ring in a solid state during heating. This phenomenon is different
from the normal behaviour of HTSC cuprates loosing oxygen at
elevated temperatures; therefore, the state corresponding to a
maximum on TGA curves (Figure 2, 650 °C) should be analysed.
TEM proves (Figure 3) that grains of the neodymium–barium
cuprate quenched from ~650 °C contain high-contrast regions
and dark round-shaped inclusions embedded in the crystalline
matrix. Such a microstructure can be explained by a solid-state
process compatible with a picture of phase relations in the test
system:3–5 NdBa2CuI,II

3 Oz + γO2 ® 1/(1 +x)Nd1 + xBa2 –xCuII
3Oz1

+
+ 3x/(1 + x)BaCuO2 + d (x ~ 0.1–0.15).

Computer simulation of defect energies (Table 3) and local
distortions caused by antisite disorder confirms that such defects
become less stable at a smaller oxygen content. It correlates well
with findings on high-temperature ordering in this structure,7,8

as well as with the formation mechanism of these defects in
oxygen-deficient perovskites requiring extra oxygen to enter in
the lattice to form the above associates of defects FeIV

Cu(1)O6–NdBa
found by Mössbauer spectroscopy.6 Therefore, the NdBa2Cu3Oz:Fe
phase with Nd3+/Ba2+ antisites decomposes as soon as oxygen

Table 2 Mössbauer spectra parameters of Nd1 + xBa2 – x(Cu0.97
57Fe0.03)3Oz

samples. 

aThe difference in contributions is equal to the contribution of magnetic
subspectrum disappearing after oxygenation.

57Fe-doped phases Sub-
spectra

Isomer 
shift, 
d/mm s–1

Quadrupole 
splitting, 
∆/mm s–1

Area 
(%)

Width, 
G/mm s–1

Nd1Ba2Cu3O6.25 
(quenching from 980 °C)

D1 0.08(0) 1.11(1) 12.3 0.39(0)
D2 0.02(0) 0.50(1) 12.9 0.30(1)
D3 0.14(0) 1.89(0) 59.6 0.39(0)
D4 0.25(0) 0.45(1) 15.2a 0.39(0)

Nd1Ba2Cu3O6.93 
(980 °C, oxygenated)

D1 0.08(0) 1.15(1) 32.1 0.39(0)
D2 –0.07(1) 0.50(2) 15.7 0.39(0)
D3 0.10(0) 1.86(1) 33.1 0.35(1)
D4 0.25(0) 0.47(1) 19.1a 0.36(1)

Nd1Ba2Cu3O6.9 
(850 °C, oxygenated)

D1 0.07(1) 1.19(4) 18.8 0.32(5)
D2 0.02(1) 0.79(6) 27.9 0.44(4)
D3 0.12(0) 1.80(1) 39.5 0.40(2)
D4 0.29(5) 0.44(6) 13.7 0.38(4)

Nd1.6Ba1.4Cu3O7.03 
(quenching from 980 °C)

D1' 0.19(0) 1.55(1) 77.3 0.44(1)
D2' –0.01(1) 0.44(3) 22.7 0.42(3)

Nd1.6Ba1.4Cu3O7.29 
(980 °C, oxygenated)

D1' 0.14(1) 1.58(1) 42.8 0.42(1)
D2' –0.04(1) 0.72(1) 57.2 0.49(1)

Nd1.6Ba1.4Cu3O7.3 
(850 °C, oxygenated)

D1' 0.17(1) 1.52(1) 24.1 0.40(4)
D2' 0.00(0) 0.71(1) 65.3 0.50(2)
D3 0.04(1) 2.05(2) 3.7 0.20(4)
D4 0.42(1) 0.45(2) 6.8 0.24(2)

Table 3 Calculated energies of antisite defects in the NdBa2Cu3Oz super-
conductor at different z. 

z Defect energy/eV

6.91 –1.85
6.77 –0.93
6.57 +0.16
6.52 +2.50
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Figure 2 Thermal analysis data of oxygenated iron-doped NdBa2-
(Cu0.97

57Fe0.03)3O6.9 samples initially prepared at 850, 950 or 980 °C and
heated in air with a constant rate of 5 K min–1. (1) The beginning of weight
lost by cation-disordered samples, (2) weight gain due to solid state
decomposition, (3) an abrupt weight change at high temperatures. Inset
shows thermal cycling of an independently measured sample synthesised at
850 °C.
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content decreases and cation diffusivity reaches appreciable
values, at ~650 °C (Figure 2).

Thus, the fundamental superconducting properties of neo-
dymium–barium cuprates are preparation-dependent for a given
cation and anion composition as a result of Nd/Ba cation
disorder formed at lower annealing temperatures. A new spectral
component characterised by an isomer shift of about 0 mm s–1

and quadrupole splitting of about 0.5 mm s–1 was found for all
the cases of a substituted solid solution with x > 0 and also for
the x = 0 pseudocubic Nd123:Fe phase. This evidences for the
formation of associated defects like ‘FeIV

Cu(1)O6–NdBa’ and con-
firms the antisite disordering of Nd3+ and Ba2+ in the low-Tc
NdBa2Cu3Oz samples. The latter type of samples is thermally
unstable and undergoes solid-state decomposition at about
600–700 °C.

This work was supported by the Russian Foundation for
Basic Research (grant nos. 04-03-32183 and 04-03-32827).
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20 nm

Figure 3 TEM micrograph of the NdBa2(Cu0.97
57Fe0.03)3O6.9 sample pre-

pared at 850 °C, aged at 650 °C and quenched in liquid nitrogen.
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