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Abstract

Investigations of the oxygen desorption by Nd2�xCexCuO4�d single crystals (06 x6 0:17) was carried out, and we
present here a group of superconductors with an electron type of conductivity made by crystallization from a melt. It

was established that, under heating of the single crystals with a constant flow rate of Ar and pO2 ¼ 100 Pa, the oxygen
desorption proceeded through two maxima in the temperature range of 973–1173 K, the nature of which is related to

desorption of oxygen from different crystallographic fragments. It is suggested that the problem of creation of the

necessary concentration of oxygen and its ordering in the net of Cu–O2 layers is related to the redistribution of oxygen

from the 02 to the 01 structural positions in the Nd2�xCexCuO4�d crystal. Under a schedule of three stages of thermal

treatments of the single crystal, we were able to achieve superconductivity of the researched samples at temperatures of

<19 K.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electronic high-temperature superconductors,
with the general formula of Ln2�xCexCuO4�d (Ln ¼
Pr, Nd, Sm, or Eu; 0:145 < x < 0:165; (4� d)
�3.94), have a crystal transition temperature into
the superconductive state at Tc ¼ 25 K. They are an
example of the layered copper oxide-based super-
conductors [1–4] in which the electrons are the

charge carriers. The method for obtaining elec-
tronic superconductors based on Ln2CuO4 is a
two-staged process. The first stage involves a sub-
stitution of the three-valance Ln3þ cation by
the four-valance Ce4þ cation to render the formed
solid solution partially reduced. The second stage
then involves the formation of point defects of
anion vacancies to generate free electrons on the
antibonded sp-hybridized orbits in the Cu–O2
layers, the concentration of which is regulated
by oxygen content [5]. Both stages are neces-
sarily because sintering of these types of super-
conductors is connected with the control of both
the cationic and anionic compositions of the
crystal.
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Authors [6] showed that the maximum solu-
bility of Ce in the Nd2�xCexCuO4�d structure is
equal to x ¼ 0:2. Other researchers [7,8] conduct-
ing thermogravimetric analyses on the powdered
polycrystal samples of Nd2CuO4�d and Nd1:85-
Ce0:15CuO4�d found an equilibrium deviation
from the oxygen stoichiometry depending on
the temperature (623–1223 K) and oxygen partial
pressure (1–105 Pa) conditions used. They showed
[7,9] that, during transition over the stability limit
of the compounds studied (low pO2 and high
temperatures), their samples would decompose
according to the following reactions:

Nd2CuO4 ! NdCuO2 þNd2O3 ! Nd2O3 þ Cu2O;
ð1Þ

Nd1:85Ce0:15CuO4�d ! 0:925Nd2O3 þ 0:15CeO2
þ 0:5Cu2Oþ ð0:213� d=2ÞO2:

ð2Þ

Schults et al. [10] examined the structure of
oxidized and reduced (Tc ¼ 24 K) Nd2�xCex-
CuO4�d single crystals by means of neutron
diffraction. They confirmed that the Nd1:85Ce0:15-
CuO4�d compound became a superconductor
only after heating at reduced atmosphere, and
emphasized that it could be observed only for
solid solutions with 0:16P xP 0:14. The widest
interval of oxygen nonstoichiometry (d � 0:07)
was found for the Nd2CuO4�d structure. Dalicha-
ouch [11] produced the single crystal Ln2�x-
CexCuO4�d (Ln ¼ Pr, Nd, Sm; 0 < x < 0:2) and
demonstrated that the superconductive transition
could be performed at temperatures from 7 up
to 23 K depending on the Ce and oxygen con-
tents. The effect of oxygen content during the
sintering of materials with superconductive prop-
erties has already been well examined on poly-
crystal samples [7], while data on the examination
of single crystals are so far not available in a large
extent.
In this paper, an investigation of the oxygen

desorption phenomenon by the single crystal
Nd2�xCexCuO4�d (06 x6 0:17) is presented. The
data illustrate the effect of oxygen nonstoichiom-
etry on superconductivity as well as the possible

distribution of oxygen vacancies in the lattice after
the proposed heat treatments.

2. Experimental procedure

Single crystals of Nd2�xCexCuO4�d (06 x6 0:17)
were made by the crystallization method, from a
melt placed in a Pt-crucible [12]. Nd2O3 (99.95%),
CeO2 (99.90%), and CuO (99.95%) were used as the
precursors. Heat treatment of the single crystals
was performed in a quartz capsules with a residual
air pressure of 100 Pa. The temperature was con-
trolled by a Pt–Pt/Rd10 thermocouple with a pre-
cision of 0.5 K.
Investigations of the desorption and sorption of

oxygen by single crystals based on cuprates were
performed by means of the coulonometric complex
OXYLYT (SensoTech) [13]. Samples were heated
up to 1173–1323 K with a constant flow rate (�7
K/min) of Ar at an oxygen partial pressure of 100
Pa. At the appropriate temperature, the samples
annealed under the gas atmosphere until the
equilibrium state was reached. These were then
allowed to cool down at the same rate and under
the same gas atmosphere.
Resistivity ðqÞ of the single crystals before and

after annealing were measured by a standard four-
point method with constant current at tempera-
tures between 4–300 K. Resistivity ðqÞ of the single
crystals in temperature interval 300–1173 K and
oxygen partial pressure pO2 ¼ 10–105 Pa were also
measured by the four-point method with appli-
cation of Pt-conductors settled in the OXYLIT
system. Quantities of adsorbed and released oxy-
gen during annealing at different temperatures in-
terval and oxygen partial pressures were measured
in situ.
X-ray diffraction of the single crystal was per-

formed in a DRON-3 diffractometer utilizing
CuKa radiation. The single crystal was cut in
such a way that the reflecting surface of the sam-
ple was perpendicular to the crystallographic
plane (0 0 1). Prior to X-ray data analysis, the
profiles were corrected for background and Ka1.
Accurate assignment of the peak position was
facilitated by fitting the data with a nonlinear
Marquard least-squares routine that accounted for
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the Ka1;2 splitting (Philips X-Ray APD 4.a soft-
ware).

3. Results and discussion

3.1. Resistivity and oxygen nonstoichiometry of the
Nd2�xCexCuO4�d single crystal during thermal an-
nealing

Values of the titration current and oxygen
nonstoichiometry for the single Nd2�xCexCuO4�d

crystals (x ¼ 0; x ¼ 0:13; x ¼ 0:155; and x ¼ 0:16),
which were registered during heating, during an-
nealing at the maximum temperature (1173 K)
under equilibrium with a gas phase, and following
cooling with a rate of approximately 7 K/min, are
presented in Fig. 1. The same variables, fixed

during repeated heat treatments for the same
samples, are presented in Fig. 2. Analysis of the
presented data revealed that oxygen desorption
during heating began 923 K and continued up to
1173 K. The profile of the minimum titration
current, which relates to the maximum rate of
oxygen desorption during the repeated heat treat-
ments (Fig. 2), gave an indication of the compli-
cated character of the oxygen desorption. There
were obviously two temperature maxima for the
rate of oxygen desorption, located at 923–1113
and 1113–1173 K, respectively. Under cooling of
the single crystals, the maximum of titration cur-
rent or rate of oxygen sorption was observed at
temperatures of between 1173–1113 and 1113–923
K (Figs. 1a and 2a). These temperatures were quite

Fig. 1. Variation of (a) the titration current and (b) the oxygen

nonstoichiometry of the Nd2�xCexCuO4�d single crystal during

the first single cycling of annealing under constant Ar flow with

pO2 ¼ 100 Pa.

Fig. 2. Variation of (a) the titration current and (b) the oxygen

nonstoichiometry of the single Nd2�xCexCuO4�d crystal during

the second single annealing cycle under constant Ar flow with

pO2 ¼ 100 Pa.
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similar to the temperatures of the minimum of ti-
tration current observed during heating. At the
same time, it should be noted that the processes of
desorption and sorption of oxygen, demonstrated
on Figs. 1a and 2a, were not completely reversible.
The oxygen content at the beginning and at the
end of the heat treatment was not the same.
Data on the titration current were used for

calculation of oxygen indices ðdÞ [13], which are
presented in Figs. 1b and 2b. The indices, taken (1)
during the first cycle of the samples before treat-
ment, (2) at the equilibrium state at maximum
temperature, and (3) after cooling to room tem-
perature, were 4.0, 3:94	 0:01, and 3:98	 0:01,
respectively. As far as the second cycle is con-
cerned, the oxygen indices for the samples taken
(1) before treatment, (2) upon reaching the equi-
librium state, and (3) after cooling to room tem-
perature were 3.98, 3:94	 0:005, and 3.97,
respectively.
There was a visible difference in d values for the

crystal before and after treatment at 1173 K and at
room temperature (Dd � 0:02) exceeding the limit
of experimental error ðDd ¼ 	0:01Þ. This was
probably due to a desorption of any oxygen that
was not associated with the crystal lattice forma-
tion process, i.e., oxygen that are sorbed into the
pores, microcracks, and other surface defects of
the crystal during the first cycling. We established,
that during the second cycle, the deviation of the d
value was considerable reduced up to a value of
Dd � 0:01. It is probable that, with an increase in
the number of heating–cooling cycles, the values of
d would be closer and the system would be more
completely reversible.
We established that the equilibrium states for

samples with different Ce contents at 1173 K were
characterized by different oxygen contents, which
agreed well with data obtained on powdered
samples [7]. At the same time, our experimental
data did not show any visible stoichiometric de-
viations during the continuous heating of the
crystal to 1173 K. This was contrary to the results
obtained by authors [14,15] conducting thermo-
gravimetric analyses of powdered Nd–Ce-cup-
rates, who established a difference in the oxygen
indices depending on the composition of the solid
solution at temperatures lower than 573 K. Be-

cause of this apparent existing contradiction, we
decided to examine the oxygen sorption–desorp-
tion properties on powdered crystals as well, with
stoichiometries of x ¼ 0 and x ¼ 0:155 (Fig. 3). It
was found that the sorption–desorption spectra of
oxygen for the powdered samples and that of the
bulk single crystals were nearly identical (Fig. 3).
Therefore, it can be concluded that perfection of
the single crystal structure led to elimination of an
undesirable adsorption of oxygen, due to surface
and structural defects which dominate in pow-
dered samples as well.
The nature of the observed maxima of oxygen

sorption–desorption during the annealing cycles
could be related to either the phase transition in
the crystal from one side, or to exchange processes
between the oxygen from environmental gas and
the oxygen ions located in different crystallo-
graphic positions of the tetragonal unit cell. Ac-
cording to Gu et al. [16] the phase transition from
tetragonal to monoclinic structures probably can
take place and it has a negative effect on the
crystal�s superconductivity. Nevertheless, there is
no information about the possible temperature
interval of a such a transition, nor of other pos-
sible phase transitions for the Nd2�xCexCuO4�d

structure in the temperature interval of 300–1173
K. Hence, we prefer to consider the above-
mentioned effects (Figs. 1–3) of the maxima of
oxygen sorption–desorption as being an exchange

Fig. 3. Variation of the titration current during heat treatment

of single (Cr) and powdered (Pd) crystals under constant Ar

flow with pO2 ¼ 100 Pa.
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phenomenon between ‘‘gas’’ oxygen with oxygen
located at different crystallographic positions (01,
02, and 03) in the tetragonal unit cell, in the re-
searched compounds. It would appear that the first
maximum of oxygen desorption under heating
relates to the exchange of gas oxygen with oxygen
located in position 01 (the CuO2 layers), and while
the second maximum under cooling is related
to the oxygen located in positions 02 (the double
layers of O2–Nd/Ce–O2 in the tetragonal unit
of cuprates). The so-called ‘‘apical’’ oxygen (posi-
tion 03; located in the layers of the cations Nd–Ce)
could not affect the oxygen sorption–desorption
spectra because the density of the 03 positions
does not exceed a few percent of the total amount
of the positions available for the substitutions
[17].
It is known that Nd-cuprates as well as Ce-

doped Nd-cuprates consist of layered structure
[14,15], where the charge exchange proceeds in
CuO2 planes. The upper valance zone in the
Nd2�xCexCuO4�d crystal is formed by the hybrid-
ized sp state of Cu:3d and O:2p. It is probably that
the most important variable determining the pa-
rameter rðT Þ is the density of the charge carried
fNðT ;EfÞg at a Fermi level. A phenomenological
description of this, in terms of the temperature
variation and dissipation process characterized in
time between collisions sðT Þ, can be formulated as
rðT Þ ¼ e2NðT ;EfÞsðT Þ=m, where e is the electron
charge and m is its mass [18]. The value of NðT ;EfÞ
increases under a reduced density of the 01 struc-
tural position. In this case, the formation of va-
cancies in the 01 positions related to oxygen
desorption during heating (being more stronger
positive centers than Nd3þ and Ce4þ cations)
promotes the transition of electron density from
the O2–Nd/Ce–O2 double layers to the Cu–O2
layers in antibonding sp-hybridized Cu3dx2�y2 -
O2pxy orbits, which favors the decrease of re-
sistivity. Indeed, we observed an decrease of
resistivity in the temperature interval of the first
maximum of oxygen desorption, which is illus-
trated by the data presented in Fig. 4. For this
reason, we suggested that the first maximum on
the desorption spectra, correlating with to the de-
crease of resistivity, is caused by desorption of
oxygen from position 01.

After 2 h of annealing of the crystal at 1113 K,
we observed a increase of resistivity without oxy-
gen sorption from the gas phase. This situation
probably relates to the transition of oxygen atoms
from position 02 of the O2–Nd/Ce–O2 double layer
to position 01. An increase of density in the 01
position leads to destruction of the continuous
chains of Cu2þ–V0–Cu

þ–V0–Cu
2þ in the CuO2

layers because the anion vacancies are the con-
ductors of the charge between the Cu:3d10 and
Cu:3d9 states of Cu atoms. More than that, the
presence of oxygen atoms in the 01 positions re-
duces the covalence of the Cu–O bond and the
value of NðT ;EfÞ on Cu3dx2�y2–O2pxy orbits
[19,20]. This increase of resistivity value proceeded
for about 30 min, which was indicated upon com-
pletion of the oxygen redistribution process by
following the schedule 02! 01 ( Fig. 4).
During further temperature increase from 1113

up to 1193 K, the electroconductivity was not
changed but oxygen desorption was observed. It is
possible that a decrease in the density of the 02
positions takes place because of formation of va-
cancies in the Nd/Ce–O2 fluorite fragments, which
is not affected by the delocation of electron density
in the Cu–O2 layers. Meanwhile, in the double
layers, the electron density is mostly located
around the Ce4þ cations.
During annealing at 1193 K, when the maxi-

mum values of oxygen desorption was reached, the

Fig. 4. Variation of the titration current and resistivity of

the sample during thermal cycling of the Nd1:87Ce0:13CuO4�d

crystal.
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resistivity value started increasing. It seemed that
at temperatures around 1113 K, the increase of
resistivity was caused by redistribution of oxygen
by the 02! 01 scheme with which was accompa-
nied by its desorption. From Fig. 4, it follows that
the quantity of desorbed oxygen from the 01 po-
sition was approximately on 20% or more, than it
is when desorbed from position 02, which led to
the formation of stresses in the crystal, the relax-
ation of which was brought about by the oxygen
being redistributed through the 02! 01 scheme.
Hence, based on the data of resistivity and

sorption–desorption spectra, it was established
that heating from 300 to 1113 K caused desorption
of oxygen from the 01 position. After annealing at
1113 K for over two hours, the mechanism of
oxygen redistribution has changed again. Anneal-
ing, in this case, acted as an oxidizer for the 01
positions and as a reducer for the 02 positions.
Further temperature increase up to 1173 K acted
as a reducer for oxygen in the 02 position, while
annealing after 30 min at this temperature acted as
an oxidizer of oxygen for the 01 position.

3.2. Investigation of annealing on the superconduc-
tivity of the Nd2�xCexCuO4�d single crystal

Based on the previously-obtained data, it was
proposed to investigate a single annealing of a
single crystal up to 1323 K, in order to complete
the examination of different temperatures on the
sorption–desorption behavior of the researched
samples. It was found that desorption of oxygen
was completely stopped when the temperature
reached 1323 K, and then desorption restarted
again (Fig. 5) upon decomposition of the single
crystal. This was confirmed by X-ray fluorescence
and X-ray diffraction data, which demonstrated
the presence of Nd- and Ce-oxides as well as me-
tallic copper in the samples after the performed
thermal treatments. It was interesting to note that
at the moment when desorption of oxygen was
stopped at 1323 K, the value of the oxygen indexes
was reduced to 3.87, which is lower then the value
(3.94) reached at equilibrium at 1173 K (Figs. 1–
3). This reduced value of oxygen index (3.87) can
be referred to desorption of oxygen both from the
of metal oxides (Nd2O3, CeO2, Cu2O) and from

single crystal itself. Nevertheless, the entire series
of thermal cycling performed, both single and re-
peated, in the searched temperature interval did
not lead to superconductivity.
Further experiments were done with more com-

plicated thermal cycling events. A thermal anneal-
ing temperature was finally found which caused
result in superconductivity of the single crystal.
This schedule was based on a number of interme-
diate thermal annealing events (Fig. 6). During the
first annealing at 1173 K for 90 min, a decrease of
resistivity was observed and then it slightly in-
creased (Fig. 6). This highlighted the purpose of the
first stage of annealing, which is to form defects in
the fluorite fragments of the O2–Nd/Ce–O2 dis-
torted tetragonal structure, resulting in formation
of oxygen vacancies in the Cu–O2 layers.

Fig. 5. Variation of (a) the titration current (I) and (b) the

oxygen index (4� d) during heat treatment of the Nd1:87-
Ce0:13CuO4�d crystal under constant Ar flow with pO2 ¼ 100
Pa.
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The role of the second high-temperature an-
nealing at 1323 K for 0.5 h, under which the de-
sorption of oxygen is absent but the resistivity
constantly decreases, was to form a continuous
chain of Cu2þ ! V0 ! Cu! V0 ! Cu2þ events
for charge transport in the CuO2 layers. Creation
of these oxygen vacancies leads to a location of
electron density on the Cu cations, which further
leads to the process of Cu reduction: Cu:3d10þþ
e ! Cu:3d9þ. The probability of this process ac-
tually occurring was confirmed by the increase of
parameter (a) of the crystal lattice. During cooling
of the crystal from 1323 to 1243 K, it was estab-
lished that resistivity increased sharply. Under
further temperature reduction to 1173 K, in spite
of the small oxygen sorption, the resistivity was
not changed. Annealing at 1173 K favored a slight
decrease of resistivity. Further temperature de-
crease down to 1063 K and annealing at this tem-
perature caused increase of resistivity. As a result,
it was concluded that, in order to reach a super-
conductive state, it is necessary to attain the final
annealing at 1173 K, leading to ordering oxygen
defects in the CuO2 layers with formation of a
large amount of continuous Cu2þ ! V0 ! Cu!
V0 ! Cu2þ chains.
Hence, it was established that the supercon-

ductive state, after only a single heat treatment
with annealing at 1173 K, could not be reached
because it is impossible to create the necessary

concentration of oxygen in the CuO2 layers under
these conditions. Meanwhile, the more compli-
cated heat-treatment schedule, including cooling
from high temperatures down to 1173 K, leads to
the optimal conditions needed for the ordering
defects of oxygen nonstoichiometry in the 01 po-
sitions, which are necessary for superconductivity.

3.3. Resistivity of the Nd2�xCexCuO4�d single crys-
tal at 300–4.2 K

Data on the resistivity of the Nd2�xCexCuO4�d

single crystal with x ¼ 0:13 (n1), taken at different
schedules of their treatment in vacuum with re-
sidual air pressure 100 Pa, are presented in Figs. 7
and 8 as a function of temperature. Similar in-
vestigations were undertaken for the samples with
x ¼ 0:155 (n2) and x ¼ 0:16 (n3). The obtained
data are presented in Table 1. From the data in
Fig. 7, it follows that under increased annealing
time, the resistivity of the single crystals reduces. It
was found that the transition, from a metallic type
of conductivity at high temperature to semicon-
ductivity at low temperatures, steadily shifted to
low temperatures. It was established that an in-
crease of annealing time up to 100 h at 1173 K did
not lead to a superconductive state of the single
crystal.
It had been demonstrated earlier from the data

based on oxygen desorption that the equilibrium
of the single crystal with the gas phase at 1173 K

Fig. 6. Variation of the titration current and resistivity of the

Nd1:87Ce0:13CuO4�d crystal during the annealing cycle within the

schedule 1173! 1323! 1173 K.

Fig. 7. Resistivity of single crystals A (n1) and B (n3), after

thermal cycling in vacuum (pO2 ¼ 100 Pa) during 20 (1,10), 39
(2,20) and 43 (3,30) h, as a function of temperature.
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was reached practically within a couple of hours
(Figs. 1 and 2). Hence, the development of super-
conductivity in the single crystal is not necessarily
dependent on the oxygen concentration during
equilibrium with the gas phase alone, but to a
great extent also on the optimal distribution of
oxygen in the anion sublattice.
For example, after the first cycle of thermal

annealing, which provides distribution of oxygen
in the anion sublattice, the resistivity of the single
crystals (n1) and (n3) (Table 1), in the temperature
range 4–300 K, eventually demonstrated a metallic

character. After the second cycle of annealing, a
further reduction of resistivity was found, with
subsequent appearance of a superconductive tran-
sition with T hc onset at 17 and 22 K for the samples
Nd1:84Ce0:16CuO4�d and Nd1:87Ce0:13CuO4�d, where
Tc onset is onset of the transition temperaturer to
superconductivity.
This characteristic for temperature dependence

of electrical resistivity in sample (n1) after the
annealing cycles changed from a metallic type of
conductivity to a semiconductive one, during
cooling from room temperature, with the eventual
appearance of superconductivity with transition at
Tc onset ¼ 13 K (Fig. 8). Only after several repeated
annealing cycles was the complete absence of
electrical resistivity at Tc ¼ 4:2 K observed (Fig. 8).
Hence, the performed experiments allowed us

to conclude that annealing cycles stimulate the
formation in crystals of continuous Cu2þ ! V0 !
Cu! V0 ! Cu2þ chains, which are necessary for
charge transport in the CuO2 layers. It favors an
overlapping of molecular wave functions. As a
result, the electron levels are expanding with
transition into zones, leading to the delocalization
of conductive electrons and the formation of a
metallic type of conductivity. At the same time, the
crystals transform and develop superconductivity
at temperatures lower than 27 K.

Fig. 8. Resistivities of single crystals A (n1) and B (n3), after

the first (1,10), second (2,20), and third (3,30) annealing cycles,

as a function of temperature.

Table 1

Resistivity of the Nd2�xCexCuO4�d crystal after a single isothermal annealing in vacuum (100 Pa) at 1173 K (tests 1–4, 8, 12) and after

cycled annealing ( tests 5–7, 9–11, 13–15)

Test Crystal composition Annealing

time (h)

Type conductivity within 4.2–300 K Tc onset (K)

1 No. 1. Nd1:87Ce0:13CuO4�d 10 Semiconductor

2 þ10 Semiconductor––below 67 K metallic conduction ––above 67 K

3 þ13 Semiconductor––below 65 K metallic conduction––above 65 K

4 þ13 Semiconductor below 49 K metallic conduction––above 49 K

5 þ15 Metallic/semiconductor 13

6 þ15 Metallic/semiconductor 17

7 þ15 Metallic/semiconductor 17

8 No. 2. Nd1:845Ce0:155CuO4�d þ13 Metallic conduction

9 þ13 Metallic conduction 17

10 þ15 Metallic conduction 17

11 þ15 Metallic conduction 20

12 No. 3. Nd1:84Ce0:16CuO4�d 13 Metallic conduction

13 þ13 Metallic conduction 22

14 þ15 Metallic conduction 24

15 þ15 Metallic conduction 25
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3.4. X-ray investigations of Nd2�xCexCuO4�d single
crystals

X-ray investigations showed that all sintered
Nd2�xCexCuO4�d crystals had a tetragonal crystal
structure based on a single phase. It was found
that the lattice parameter (c) was reduced when the
Ce concentration increased (Table 2). Taking into
account that the Nd-02 bond is strong, with a
typical length LðNd-02Þ ¼ 2:3300	 0:0003 �AA for all
compositions, while the Nd-01 bond is weak, with
a length LðNd-01Þ ¼ 2:676	 0:003 �AA for x ¼ 0 and
LðNd-01Þ ¼ 2:656	 0:002 �AA for x ¼ 0:15, then the
substitution of Nd3þ by Ce4þ (with Nd3þ having a
larger ionic radii (1.08 �AA) than Ce4þ (1.01 �AA))
should lead to contraction of the unit cell along the
c-axis [14]. As far as the parameter (a) is con-
cerned, it was found to have a slight increase with
increase of the x-index, which was in agreement
with previously published data [2,14].
Examination of the lattice parameters after

thermal cycling revealed a visible increase of pa-
rameter (c), whereas parameter (a) increased
slightly, as illustrated for the compositions with
x ¼ 0:13 and 0.155 in Table 2. In general, anneal-
ing led to an increase of the unit cell volume.
Analysis of the intensity of the (0 0 l 0) peaks of the
researched samples before and after thermal
treatment showed that annealing led to a reduction
in intensity of these peaks with an increase of their
width (Fig. 9). Table 2 shows the data corre-
sponding to the broadening of the (0 0 1 0) peak,
which was defined as a full width of a peak profile
at half of its maximum intensity (FWHM). It was
established that after annealing, the FWHM value
was largest for the samples with x ¼ 0:13, and the
lowest for the sample with x ¼ 0:16. Such variation
of FWHM values and peak intensities after an-

nealing proves the existence of distortions in the
crystal lattice caused by dynamic and static shifts
of 01 atoms which , at the same time, depend on
the Ce concentration in the Nd-cuprate crystals.
Finally, the formation of oxygen vacancies in the
anion crystal sublattice of Nd2�xCexCuO4�d leads
to a local distortion of the copper cations coordi-
nation. The importance of this is to allow for in-
teraction of the Cu ions with the crystal defects
which then stabilize the static local distortions and
establish macroscopic distortions.

4. Conclusion

Investigation of the oxygen sorption–desorp-
tion phenomenon by the single Nd2�xCexCuO4�d

Table 2

Unit cell and structural parameters for the Nd2�xCexCuO4�d single crystal before (*) and after annealing

Parameter Stoichiometry Nd2�xCexCuO4�d

x ¼ 0 x ¼ 0:13 x ¼ 0:13 x ¼ 0:155 x ¼ 0:155 x ¼ 0:16
a, �AA 3.946 3.950 3.951 3.950 3.954 3.951

c, �AA 12.177 12.067 12.073 12.061 12.064 12.060

V, 103 �AA 189.60 188.27 188.46 188.18 188.61 188.26

FWHM (0 0 1 0) 0.057 0.081 0.130 0.073 0.118 0.092

Fig. 9. Diffractograms of the single Nd1:87Ce0:13CuO4 crystal

before (1) and after (2) the annealing cycle.
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crystal (06 x6 0:16) showed that heating of the
single crystal, with a constant Ar flow rate at
pO2 ¼ 100 Pa, was accompanied by two maxima
of the oxygen desorption rate in a temperature
range of 923–1173 K, the nature of which is
probably connected with the desorption of oxygen
from different crystallographic positions of the
compounds.
Distortions of the crystal lattice are likely

caused not only by variation of the oxygen content
in the crystal lattice, which can be reduced from
4.00 up to 3.94, but also by oxygen redistribution
between positions 02 and 01.
It was suggested that the problem of making

superconductors based on relatively large Nd2�x-
CexCuO4�d crystals was related to the nonuni-
formity of oxygen distribution in the lattice.
Therefore, a three-staged annealing treatment for
the Nd2�xCexCuO4�d single crystal with 1-mm
thickness leading to a superconductive state was
proposed.
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