
Introduction

It is well-known the influence of the oxygen content

on the superconducting properties of the HTSC mate-

rials. A large number of papers have been published

analyzing this effect. However, for several systems,

significant disagreements can be found between dif-

ferent works. This may be due to poorly characterized

samples and not well-known oxygen content values.

The effect of the oxygen content on the physical

properties is qualitatively reported in most of the papers

for samples annealed under different conditions without

an accurate knowledge of their oxygen content. For

some systems, this effect is dramatic, leading to super-

conducting or non-superconducting samples after very

small changes on their oxygen stoichiometry.

One of this examples is the electron doped mate-

rial of general formula Ln2–x(Ce,Th)xCuOy (Ln=Nd,

Sm, Pr and Eu) with the Nd2CuO4-type crystalline

structure (T’-phase). The main features of this system

are the square-planar coordination of the Cu ions by

oxygen atoms and the extreme sensitivity of its super-

conducting response to small variations in the dopant

content (Ce, Th) ‘x’ or oxygen content ‘y’. For in-

stance, as-made samples are not superconducting and

the superconducting ones are achieved by annealing

them at 850<Tq (°C)<1150 under oxygen partial pres-

sure p(O2) between 10
–6

and 10
–3

atm. and subsequent

quenching [1, 2]. The role of this treatment (‘reduc-

tion step’) in the appearance of superconductivity has

been extensively discussed. It is evident that oxygen

atoms are removed during the reduction step. The

question concerning which are the oxygen sites in the

structure involved in this process seems now to be

clear. It is accepted that interstitial oxygen atoms lo-

cated at the apical sites of the T’-phase structure are

removed during this treatment. However, the amount

of oxygen removed is very small, with values ranging

between 0.01 and 0.05 per unit formula [3–13]. The

open question now is that this amount is too small to

explain the induction of superconductivity as only

due to a variation of the carrier concentration.

The second example is one of the most studied

HTSC materials: the 123 compounds. The 123 phase

can be obtained for YBa2Cu3Oy and also replacing Y by

most of the rare earth elements, exceptions being Ce,

Pm, Tb. The RBa2Cu3Oy (R=La, Nd, Sm, Eu, Gd, Ho, Y,

Er, Tm, Yb) compounds display a wide range of oxygen

non-stoichiometry with ‘y’ values ranging between 6

and 7. Such wide range of ‘y’ values accepted by 123

phase strongly modify the critical temperature (Tc) and

promote an order/disorder orthorhombic/tetragonal

(O/T) phase transition. Despite the large number of pa-

pers concerning the physical properties of these R123

(R=La, Nd, Sm, Eu, Gd, Ho, Y, Er, Tm, Yb) com-

pounds, only few studies have been reported in the liter-

ature on their high temperature thermodynamic proper-

ties and the O/T transition [14–20].

Another example of disagreements between dif-

ferent works concerning the influence of the oxygen

content on the superconducting properties is the

HgBa2CuOy compound (Hg-1201) [21–25]. These

differences are mainly due to the difficulties to obtain

single phase materials and to determine accurately the
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oxygen content of the samples. The high vapor pres-

sure of Hg and the high reactivity of Ba compounds

with water vapor and carbon dioxide make the syn-

thesis of single phase materials difficult. Besides, the

absolute oxygen content of the samples can not be de-

termined by thermogravimetry due to the high vapor

pressure of Hg. As an alternative, the oxygen content

can be obtained by either iodometric titration or neu-

tron powder diffraction data refinements. However,

the oxygen content values obtained with both tech-

niques show significant differences [21–25].

It is known that the incorporation of transition

metals (Re, W, V, etc.) in the HgBa2CuOy compound

improves their chemical stability [26]. Nevertheless,

there are not detailed studies on the role of transition

elements on the superconducting response of the

Hg-1201 compound.

The aim of this paper is to review our results for

three selected HTCS superconductors to show the use-

ful and essential information obtainable by a thermal

analysis (TA) technique such as thermogravimetry

(TG) under controlled atmospheres. TG is currently

used to characterize HTSC materials and precursors

used in their synthesis. Thus, TG has been widely used

to study precursors materials used in the synthesis of

HTSC [27, 28], the thermal and phase stabilities of

HTSC materials [29, 30], the thermodynamic proper-

ties and defect structure [31, 32], surface properties of

123 materials [33], etc. Particularly, we want to em-

phasize the convenience of using thermogravimetry

under controlled atmosphere [34] for the characteriza-

tion of these materials. The determination by thermo-

gravimetry of the equilibrium oxygen partial pressure

p(O2) as a function of both temperature and oxygen

content provide valuable information on the high tem-

perature range of stability and defect structure of

non-stoichiometric oxides. These high temperature

thermodynamic data also allow the preparation of sam-

ples with accurate control of the oxygen content and

therefore the study of their physical properties.

For the Nd1.85Ce0.15CuOy compound, we show

through both p(O2) and resistivity measurements at

high temperatures the existence of two types of de-

fects� oxygen vacancies and interstitial oxygen atoms.

The superconducting response of samples with accu-

rate control of the oxygen content is strongly corre-

lated with the presence of such defects.

For the RBa2Cu3Oy (R=Y, Gd, Nd)123 com-

pounds, we present equilibrium p(O2) data at high tem-

peratures. The effect of the ionic size of the R atom on

the oxygen non-stoichiometry and phase stability of

R123 compounds at high temperatures is discussed.

Finally, for the Re doped Hg-1201 materials

(Hg1–xRexBa2CuOy), we demonstrate by means of

p(O2) measurements the effect of the Re content on

the improvement of the thermal stability of the 1201

phase. We will also discuss the role of the oxygen ex-

cess on the critical temperature.

Experimental

Materials

Samples of Nd1.85Ce0�15Cu1.01Oy with a Cu excess of

1% and accurate control of oxygen content were pre-

pared by the liquid mix method (LMM), using Nd2O3,

metallic Ce and Cu as raw materials. A small Cu ex-

cess in the samples is needed to avoid the presence of

Cu vacancies in the Cu–O planes which affect the

superconducting response of this material [35]. The

LMM method was chosen because it yields samples

with a more homogeneous Ce distribution than the

usual solid state reaction one [36].

Ceramic samples of Gd123 and Nd123 were also

prepared following the liquid-mix method with R2O3

(R=Gd, Nd), BaCuO3 and metallic Cu as raw materi-

als. The Y123 was manufactured by Seattle Specialty

Ceramics (SSC, Inc.) with particle size ranging be-

tween 2 and 6 �m.

Samples of Hg1–xRexBa2CuOy were prepared fol-

lowing the method proposed by Alyoshin et al. [37].

High purity HgO, ReO3, CuO and BaO were the raw

materials for these samples. The synthesis of the 1201

phase was performed in sealed quartz capsules under

controlled p(O2).

Methods

Equilibrium p(O2) data as a function of temperature

and oxygen content were performed using a high sen-

sitive thermogravimetric equipment [34] consisting

of a symmetrical thermobalance based on a

Cahn 1000 electrobalance coupled to an electrochem-

ical gas blending system. The electrochemical system

(zirconia pump and oxygen sensor) provides a con-

trolled Ar–O2 or CO–CO2 atmospheres for the

thermobalance with p(O2) values ranging between

1·10
–14

and 1 atm. Figure 1a depicts a block diagram

of the thermobalance and the electrochemical system.

In Fig. 1b, the design of the hangdown tubes of the

thermobalance is shown.

The error in p(O2) for the Ar–O2 mixtures can be

estimated as approximately 2% (including systematic

ones). The thermobalance allows the detection of

changes in ‘y’ within 0.0005 for a sample of

about 1 g. The equilibrium criterion used in this work,

verified over of the 24 h periods, was constant sample

mass with time within 10 �g.

The absolute oxygen content of the

Nd1.85Ce0�15Cu1.01Oy and RBa2Cu3Oy (R=Y, Gd, Nd)
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samples were determined after performing the

thermogravimetric measurements by in situ reduction

in dry H2 at 1150°C assuming Nd2O3, Ce2O3, R2O3

and metallic Cu as reduction products.

The absolute oxygen content of the

Hg1–xRexBa2CuOy samples was determined by

thermogravimetry and Rietveld refinements of the

neutron powder diffraction data.

Samples with controlled oxygen content were

prepared by annealing them at different T and p(O2)

values during periods ranging between 12 and 48 h

and later quenching at liquid nitrogen temperature.

High temperature electrical resistivity measure-

ments were carried out simultaneously with the thermo-

gravimetric ones by a standard four-probe ac technique

with a lock-in amplifier on a dense sample placed 2 mm

below the crucible of the balance.

Powder X-ray diffraction (XRD) data were re-

corded on a Philips PW-1700 diffractometer using

CuK� radiation and a graphite monochromator. The

collection time by steps of 0.02
o

was 10 s. X-ray data

of the samples were refined by the Rietveld method

with the DBWS-9411 program [38]. High tempera-

ture X-ray powder diffraction data were obtained

making use of an Anton Paar HTK-10 camera cou-

pled to the diffractometer. The p(O2) within the cam-

era was controlled by means of flowing N2–O2 mix-

tures supplied by an electrochemical system similar to

that used in the thermobalance.

Differential thermal analysis (DTA) curves were

recorded with a Netzsch STA 409 analyzer while

heating the samples from room temperature up to

1200°C at a heating rate of 10°C min
–1

under pure O2.

The presence of superconductivity was detected

through dc magnetization (M) measurements with a

Quantum Design SQUID magnetometer.

Results and discussion

Nd1.85Ce0.15Cu1.01Oy material

In Fig. 2, the equilibrium p(O2) measurements at

900°C are plotted as a function of oxygen content ‘y’

for the Nd1.85Ce0.15Cu1.01Oy sample. The ‘reduction

step’ is usually performed at 900°C, while the p(O2)

range in Fig. 2 covers the p(O2) values normally used

for this heat treatment.

The shape of this isotherm is similar to those re-

ported in [13, 31]. The starting point A was obtained

after an annealing treatment at 900°C for 48 h under

pure O2. Next, the p(O2) was successively lowered to

point B. Between points A and B, the time required to

approach equilibrium after a change of p(O2) was

fairly long, typically 24 to 48 h.

From point B, and after a small decrement of

p(O2), a continuous and slow mass of the sample is ob-

served reaching finally after 48 h the composition corre-

sponding to point C. The average value of p(O2) be-

tween those corresponding to points B and C agrees

with that of the Cu2O–CuO equilibrium. Therefore, we

associate the discontinuity of the sample mass as a func-

tion of p(O2) to the reduction of CuO traces into Cu2O

contained in the sample. From the mass loss between

points B and C, the amount of free CuO present in the

sample can be estimated as 0.16% w/o (corresponding

to an extra Cu atomic concentration of 0.8%).

By lowering gradually p(O2) from point C, equi-

librium points up to point D were obtained. The time

necessary to reach equilibrium for the points between
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Fig. 1 a – Block diagram of the experimental setup.

G. S. – gas source; M – manometer; V1,V2 – needle

valves; D – drying column; P – electrochemical pump;

OS – oxygen sensor; F – flowmeter; MBP – metal bel-

low pump; TWV – three-way valve; SF – symmetrical

furnace; RS – radiation shields; TB – thermostatic bath;

E – electrobalance. b – ST, silica tubes; T – Pt–Pt10%

Rh thermocouple; C – alumina crucible; H – hangdown

wire; PC – platinum coating

Fig. 2 Logp(O2) vs. oxygen content curve at 900°C for the

Nd1.85Ce0.15Cu1.01Oy sample. The bar indicates the error

in the absolute oxygen content ‘y’



C and D was 10 times lower than that of points be-

tween A and B. By increasing p(O2) from point D the

data points up to point E were obtained. A hysteretic

effect is detected around the p(O2) value correspond-

ing to the CuO–Cu2O equilibrium.

For p(O2) values higher than that of the

CuO–Cu2O equilibrium, oxygen excess should be

present in the sample. For p(O2) values lower than the

CuO–Cu2O equilibrium one, the thermodynamic data

indicate oxygen deficiency.

The shape of this isotherm gives useful qualitative

information on the nature of the oxygen defects present

in the sample [36]. For p(O2) values higher than the

CuO–Cu2O equilibrium one, the oxygen excess should

be related to the existence of interstitial oxygen atoms

located in the apical site of the T’-phase structure. For

p(O2) lower than the CuO–Cu2O equilibrium value,

oxygen vacancies should be present in the sample.

Thus, the p(O2) isotherm shows two well differentiated

parts: A–B and C–D–E (Fig. 2). Each of them is char-

acterized by a different type of oxygen defects.

The presence of these defects in the

Nd1.85Ce0.15Cu1.01Oy sample can be confirmed by com-

plementary measurements such as high temperature re-

sistivity � vs. p(O2) data at constant temperature.

Usually, the resistivity measurements are per-

formed as a function of temperature in samples with a

starting oxygen content value. However, it is very dif-

ficult to keep constant the oxygen content ‘y’ in mea-

surements where the temperature is varied. Thus, it is

hard to establish from this information if the varia-

tions in � are due to a change in the carrier concentra-

tion or in the scattering centers.

Considering this complication, we performed �

vs. p(O2) measurements at constant temperature inside

the thermobalance on a parallelepiped sample placed a

few millimeters below the crucible. Thus, both sam-

ples, one placed in the crucible of the thermobalance

and the other one for resistivity are at identical temper-

ature and surrounding by the same atmosphere. There-

fore, it is possible to correlate both the resistivity and

the mass variations of the sample with p(O2).

Figure 3 shows the � vs. logp(O2)/atm data for

the Nd1.85Ce0.15Cu1.01Oy sample. It can be observed

that the resistivity decreases with the logp(O2) from

zero to –1.84 approximately and then remains almost

constant up to log(p(O2)/atm)�–4.00. The decrease of

� agrees with the presence of oxygen excess as de-

tected by thermogravimetry. Therefore, this depend-

ence should indicate the nature of the oxygen defects

present in the sample for this range of p(O2).

A simple method to analyze the behavior of the

conductivity as a function of p(O2) is to use the for-

malism of the defect chemistry involving the mass ac-

tion law. This law can also be applied in order to find

a relationship between the deviation of the oxygen

stoichiometry and logp(O2). However, the variation

of the oxygen content measured in this sample is too

small and comparable to its absolute error. Therefore,

in the present case it is more convenient to apply the

mass action law for conductivity data instead of oxy-

gen content deviations.

According to this formalism, the formation of

simple point defects within the region where oxygen

vacancies are the predominant defects can be written

using the Kröger–Vink notation [39]:

Oo=V
o

��

+1/2O2(g)+2 	e (1)

and

1/2O ( ) = O + 2h
2 i

g 		
�

(2)

for the region where interstitial oxygen atoms are the

predominant defect.

From Eqs (1) and (2) the electrical conductivity

as a function of p(O2) is given by:


�n��logp(O2)
–1/6

]

p<<n for oxygen vacancies (3)


�p�[logp(O2)
1/6

]

n<<p for interstitial oxygen (4)

where n = [ 	e ] and p = [h
�

].

However, in the Nd1–xCexCu1+Oy material, the

conductivity is given by the Ce doping and the oxygen

defects. Therefore, the electroneutrality equation is:

[V
o

��

] + [Ce
Nd

�

]=[ 	e ] + 2[ 		O
i
] (5)

For the p(O2) region where the predominant de-

fects are interstitial oxygen atoms, the oxidation reac-

tion is given by:

1/2O2+2 	e � 		O
i

(6)

For [Ce
Nd

�

]=0.15 and [V
o

��

]=0, from Eqs (5)

and (6), a relationship between p(O2) and the carrier

concentration is obtained:
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K
p n

n
�

[

/ ( . – )

(O )]
2

1/ 2 2

1 2 015
(7)

In Fig. 4, we plot log
 vs. log[p(O2)]. For

–4<log(p(O2)/atm)<–1.84, the conductivity remains

almost constant indicating that the contribution to the

total conductivity is mainly due to the Ce doping. For

log(p(O2)/atm)>–1.84 the conductivity decreases

10% for an increment of the oxygen content of about

0.25% (4.00 to 4.01).

In Fig. 4, the relation between 
 and p(O2) deter-

mined by Eq. (7) is also plotted, assuming that 
 is

proportional to the carrier concentration. A good

agreement between the experimental data and this

equation was found. The proportionality constant be-

tween 
 and n was determined from the conductivity

data within the region –4.00<log(p(O2)/atm)<–1.84

where 
 is constant and mainly due to Ce doping.

Considering the 4+ oxidation state of Ce in the

T’-phase structure, a concentration of [Ce]=0.15 gives

a carrier concentration of 1.6·10
21

e
–

cm
–3

. For an incre-

ment in the oxygen content of 0.008 per unit formula,

the variation in the carrier concentration is about

2·10
20

e
–

cm
–3

, which corresponds to a 12% of the car-

rier concentration given by the Ce doping. This rough

estimation agrees with our observed variation in the

conductivity. This result also indicates that the varia-

tions in the resistivity data are due to a bulk effect.

Figure 5 shows the Meissner fraction (FC mea-

surements) vs. T for samples of Nd1.85Ce0.15Cu1.01Oy

prepared with accurate control of the oxygen content.

The samples were obtained by annealing at 900°C for

24 h under p(O2) values corresponding to points I to

VI indicated in Fig. 2 and subsequent quenching to

liquid nitrogen.

It can be observed the lack of superconductivity

for samples quenched from p(O2) values where CuO

is stable over Cu2O (points I and II). The supercon-

ductivity suddenly appears for samples quenched

from p(O2) values where Cu2O is stable over CuO.

This experimental evidence has been already reported

by Kim et al. [12] and Prado et al. [40] and more re-

cently confirmed by Raman spectroscopy [41].

In Table 1, the Tco (onset critical temperature)

values measured for the Nd1.85Ce0.15Cu1.01Oy sample

as a function of the oxygen content ‘y’ are listed. The

‘y’ values were corrected taking into account the pres-

ence of CuO traces [40].

It is interesting to compare the superconducting

behavior of samples II, III and VI. These samples

were quenched at almost the same p(O2) and exhibit

very close oxygen content values. However, sample II

does not show any superconducting response while

samples III and VI show a diamagnetic signal with a

depressed Tco�12 K.

The relevant question is if the oxygen loss be-

tween sample II and III is due to the reduction of the

T’-phase or to the reduction of CuO into Cu2O. Both

possibilities lead to different interpretations on the

role of the reduction step.

Assuming that the oxygen content loss between

sample II and III corresponds to the T’-phase, the dif-

ference in the overall oxygen content between both

samples is 0.0043 (Fig. 2). This value corresponds to

an average distance among interstitial oxygen atoms
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Fig. 4 Log
 vs. logp(O2) at 900°C for the Nd1.85Ce0.15Cu1.01Oy

sample

Fig. 5 Meissner fraction as a function of temperature for samples

prepared after quenching from p(O2) and oxygen content

of points I, II, III, IV, V and VI indicated in Fig. 2

Table 1 Oxygen content and Tco for Nd1.85Ce0.15Cu1.01Oy sam-

ples quenched from p(O2) indicated in Fig. 2 [32]

Sample Oxygen content/y Tco/K

I 4.00789 –

II 3.99967 –

III 3.99953 12

IV 3.99897 17

V 3.99841 20

VI 3.99958 14



of ~25 �. This distance is in the range of the in-plane

coherence length (�� and could affect the supercon-

ducting response. In this case, the oxygen chemical

potential which separates interstitial oxygen atoms

and oxygen vacancies should accidentally coincide

with that of the Cu2O/CuO equilibrium. However, if

we consider that the jump in �y around p(O2)

(Cu2O/CuO) is due to the reduction of CuO into

Cu2O, the variation on the oxygen content assigned to

the T’-phase between these two samples is as low as

0.0001; this value is appreciably lower than the dif-

ference in the overall oxygen content between both

samples. In this case the average distance between in-

terstitial oxygen atoms is ~85 �. This value is higher

than �, and therefore for this case the lack of super-

conductivity in sample II is hard to attribute solely to

the presence of interstitial oxygen atoms.

The existence of chemical hysteresis for p(O2)

around the Cu2O–CuO equilibrium value suggests an-

other interpretation for the role of the reduction step.

We think that the analysis of the hysteresis effect

observed in the logp(O2) vs. ‘y’ data around the

Cu2O–CuO equilibrium oxygen partial pressure is the

key to understand this puzzling behavior of the super-

conducting response of Nd1.85Ce0.15Cu1.01Oy as a func-

tion of the annealing p(O2).

The chemical hysteresis causes multivaluated

p(O2) for a given oxygen content. Thus, the Gibbs rule

that anticipate a unique p(O2) value for the two-phase

region cannot be applied. The hysteretic behavior in

p(O2) has been extensively discussed in the literature,

particularly for rare-earth oxides [42, 43], and is asso-

ciated to the existence of two solid phases with close

structural relationship between them. This condition is

required to create coherent interfaces or semi-coherent

interfaces with low interfacial free energy and a

non-negligible elastic strain energy (�Gs). The contri-

bution of �Gs must be added to that of the phase

(T’-phase in our case) in order to describe the total

Gibbs energy of the system (G) and therefore the oxy-

gen chemical potential. Hence, the existence of hyster-

esis in the equilibrium p(O2) measurements around a

phase transformation strongly suggests the presence of

intergrowth between both phases. In the present case,

this effect could be due to intergrowth between the

T’-phase and CuO. This hypothesis is based on the

similar coordination of Cu ions in both structures.

The Cu2O structure is cubic. In this material the

oxygen atoms are located in a bcc arrangement where

each oxygen atom is surrounded by four Cu ions in a

tetrahedral coordination. On the other hand, the CuO

structure can be described in the Cc monoclinic space

group with lattice parameters a=4.6927 �,

b=3.4283 �, c=5.1370 � and �=99.54° at room tem-

perature. In this structure, the Cu ions are coordinated

by four coplanar oxygen atoms forming an almost

rectangular parallelogram, while the oxygen coordi-

nation polyhedron has four Cu ions at the corners of a

distorted tetrahedron. The CuO4 units, by sharing op-

posite edges, form two ribbons of parallelograms run-

ning in the [110] and [110] directions. The distances

between the Cu ions and the four oxygen in the CuO4

unit are: 2.041, 1.956, 1.958 and 1.886 � [44] and in

the case of the T’-phase the Cu–O distance is approxi-

mately 1.972 �. Thus, it is possible that the CuO4

units of the CuO phase intergrowth with CuO2 planes

of the T’-phase. As a consequence, microstrains

should be generated around the T’/CuO interface.

These microstrains should increase the oxygen solu-

bility in the T’-phase giving rise to the presence of in-

terstitial oxygen defects when the p(O2) is higher than

that of equilibrium Cu2O–CuO. When Cu2O is in

equilibrium with the T’-phase, intergrowth between

these two phases is difficult due to the structural dif-

ferences between them. The Cu ions are planar coor-

dinated with four oxygen atoms in the T’-phase struc-

ture while the Cu ions are tetrahedrally coordinated

with the oxygen atoms in the Cu2O phase.

Therefore, for p(O2) values where the T’-phase

is in equilibrium with Cu2O, the T’-phase is free of

microstrains and superconductivity is induced in sam-

ples quenched from these p(O2) values. In the present

picture, the presence of interstitial oxygen atoms is a

consequence of the existence of microstrains caused

by the intergrowth between the CuO and the

T’-phase. The T’-phase is a close-packet structure

and therefore, there is not enough available space for

the location of interstitials atoms such as oxygen ex-

cess. However, microstrains caused by the inter-

growth between the CuO and the T’-phase could per-

mit the location of a small concentration of oxygen

excess in the T’-structure as it is observed by our

thermogravimetry measurements for p(O2) higher

than that of the CuO/Cu2O equilibrium. These results

suggest that CuO might intergrowth with the CuO2

planes of the T’ structure leading to a subtle internal

strain that quenches the superconducting state.

RBa2Cu3Oy (R=Y, Gd, Nd) material

In Fig. 6 are displayed the isobars determined under

1 atm of pure O2 for Y123 (solid circles), Gd123

(open circles) and Nd123 (square solid lines). The

symbols correspond to equilibrium values after a step

change in temperature, while the solid lines were de-

termined at a heating constant rate of 1°C min
–1

. The

agreement between both procedures show that the re-

lease of oxygen in R123 compound is a rapid process

even at moderate temperatures. These curves contain

very useful information. On one hand, it can be ob-
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served that at high temperatures the R123 compounds

with larger R ion radii ( )r r r
Gd

3+

Nd

3+

Y

3+
� � display a

smaller oxygen non-stoichiometry. On the other hand,

the maximum oxygen content at lower temperature

occurs at practically the same value of ‘y’, that is

y=7.00 for Y123, Gd123 and Nd123. From the dis-

continuity existing in the first derivative of the T vs. y

curves one can determine the values of yO/T and TO/T

under constant p(O2).

Hence, isobars performed under different p(O2)

values allow the determination of the O/T transition.

Early neutron diffraction measurements of

Jorgensen et al. [45] have shown that the variation of

the cell parameters is continuous across the O/T tran-

sition and hysteresis is not observed even at low T in-

dicating the second order nature for this transition.

The O/T transition can also be determined by X-ray

powder diffraction at high temperatures (HTXRD)

under controlled p(O2). In Fig. 7a and b are shown our

determination of the lattice parameters as a function

of T under different p(O2) atmospheres for Gd123 and

Nd123, respectively. We observe a good agreement

between both experimental procedures. In Fig. 8 are

summarized the O/T transition of selected literature

data for Y123 [45–49], Gd123 [18, 19], Nd123 [18]

and our data obtained by thermogravimetry and

HTXRD for Gd123 and Nd123. In spite of the appre-

ciably scatter of the literature data for Y123, it is clear

that the O/T border line transition is shifted toward

lower temperatures as the R atom ion size increases.

Further information on this study can be found in [32]

and the references therein.

Figure 9 shows the equilibrium p(O2) values as a

function of oxygen content for Gd123 determined by

isothermal measurements within the temperature

range 450�T�800°C. We have included in this plot

the O/T transition obtained by means of HTXRD. In

Fig. 10, the logp(O2) vs. y data for Gd123 at 600 and

800°C and Nd123 at 600°C are compared with those

of Y123 taken from [50].

Significant differences between the isotherms at

800°C for the three compounds in the tetragonal region

can be observed. The oxygen content increases with

the ionic radii of the R atom at constant p(O2). These

increment clearly indicate that the R123 compounds
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Fig. 6 T vs. y curves under pure oxygen for � – Y123,

� – Gd123 and � – Nd123 obtained through equilib-

rium measurements after a step change in p(O2). The

solid lines correspond to measurements performed dur-

ing heating at 1°C min
–1

Fig. 7 Lattice parameters a, b and c as a function of T ob-

tained under different p(O2) atmospheres for Gd123

and Nd123, respectively

Fig. 8 Logp(O2) as a function of T for the O/T transition for

Gd123 and Nd123 determined in the present work and

literature data for Y123, Gd123 and Nd123. The solid

lines was drawn as eye guide



improve their thermodynamic stability as the ionic ra-

dii of the R atom increases. Therefore, these data are in

agreement with the observed increment of the melting

point of the R123 compounds with the ionic radii of R

[18–20]. In Fig. 11, we confirm this fact by DTA mea-

surements on the three R123 compounds. The endo-

thermic DTA peaks obtained under pure oxygen oc-

curs at 1035, 1073 and 1109°C for the Y123, Gd123

and Nd123 according to the peritectic melting reaction:

2RBa2Cu3Oy�R2BaCuO5+liquid (8)

The same effect on the increment of the melting

point has been observed when Ba is partially substi-

tuted by Sr in Y(Ba1–xSrx)2Cu3Oy [51]. Regarding the

unit cell parameters, the substitution of Ba by Sr de-

creases the unit cells parameters for Y(Ba1–xSrx)2Cu3Oy

while the substitution of Y by a larger ion has the op-

posite effect increasing the lattice parameters.

A plausible explanation for the increment of the

cohesive energy for both R123 and Ba substituted 123

compound can be found using the concept of lattice

mismatch between Ba–O and Cu(2)–O2 layer as de-

scribed by the Goldschmidt tolerance factor t:

t=(Ba–O)/ 2(Cu–O) (9)

Ba–O and Cu–O are the equilibrium bond

lengths. For 123 compounds ‘t’ is close to 1 at room

temperature and increases as T increases due to the

larger thermal expansion of the Ba–O bonds relative

to that of the Cu–O [52]. Therefore, at high tempera-

ture the Ba–O layers should be subjected to compres-

sive stress while the Cu–O to tensile stress.

The substitution of Ba by a smaller ion such as Sr

reduces the tolerance factor at high temperature with

the consequent increment on the solid phase stability

and therefore on the melting point.

Another possibility to release the stress on the

Ba–O layer at high temperatures is to allow an expan-

sion of this layer. This could be achieved by the sub-

stitution of Y by a larger ion such as Gd permitting

the diminution of the compressive stress on the Ba–O

layer at high temperatures and therefore the increment

of the cohesive energy. Thus, based on the criteria of

the lattice mismatch between Ba–O and Cu–O layers,

the cohesive energy of the R123 compounds increases

as the ionic radii of R increases similarly to that oc-

curred for Y(Ba1–xSrx)2Cu3Oy.

Hg1–xRexBa2CuO4+ material

Figure 12 shows the unit cell of the Hg(Re)-1201

compound proposed by Kishio et al. [53] and

Chmaissem et al. [54] from Rietveld refinements of

neutron powder diffraction data. This figure shows

the existence of two types of oxygen crystallographic

sites in the Hg–O plane. One of them, the O(3) site,

corresponds to that of the oxygen doping for the

Re-free samples (HgBa2CuO4+). The other one, the

O(4) site, is related to the oxygen atoms bonded to

each Re cation. According to this model, each Re

atom introduces four extra oxygen atoms in the struc-

ture of the 1201 phase.

Figure 13 displays the X-ray diffraction patterns

of Hg1–xRexBa2CuO4+ samples annealed at 300°C

under pure oxygen. These data indicate the existence
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Fig. 9 Logp(O2) vs. y data for Gd123 at different tempera-

tures. The broken line indicates the O/T transition de-

Fig. 10 Logp(O2) vs. y curves at 800°C for Y123, Gd123 and

Nd123 and at 600°C for Y123 and Gd123

Fig. 11 DTA curves as a function of T showing the peritectic

reaction for samples of a – Y123, b – Gd123 and

c – Nd123



of single phase materials for x values up to 0.20. We

also observed a variation of the lattice as a function of

Re content which also suggests the full incorporation

of Re cations in the structure of the 1201 material.

The lattice parameters were obtained by Rietveld

refinements in the P4/mmm space group. It is interest-

ing to note that the lattice parameters can be accu-

rately determined by this method while the relative

intensity of the X-ray reflections are difficult to re-

fine. This may be due to a lack of knowledge of the

right occupancy number and the exact position of the

heavy atoms in the structure of the (Hg, Re)-1201

phase. It is worth mentioning that some authors have

proposed Hg deficiency in the Hg–O planes [55, 56],

while others suggested a partial substitution of Hg by

Cu or CO
3

2–
ions [25, 56]. None of these last alterna-

tives allowed us to improve the quality of the refine-

ments, suggesting that the true structural model may

include any subtle change in the atomic positions and

occupancy numbers.

The quality of the samples was also checked by

SEM and EDS analysis. Well-developed grains of

around 10–20 �m were observed in all samples. Oc-

casionally and after a carefully observation of the

sample, the presence of isolated traces of a secondary

phase containing Ba and Cu was detected.

In contrary to the general statement that the

undoped Re samples undergo a rapid degradation un-

der ambient atmospheres, we found by SEM observa-

tions that our Re-free samples remain stable during

several months under ambient conditions. The Tco and

Meissner fraction did not show any change with time

either. We believe that the high stability of the Re-

free samples may be due to the excess of HgO in the

starting HgO–Ba2CuO3+ mix. This excess would

avoid the formation of secondary phases composed

by Ba and Cu oxides which are responsible of such

degradation in samples with Hg deficiency.

Figures 14a–c display the equilibrium p(O2)

measurements as a function of oxygen content ‘y’ for

the x=0.00, x=0.10 and x=0.20 samples. The absolute

oxygen content values were computed from data ob-

tained by the NPD refinement for samples annealed

under pure oxygen at 300°C. The p(O2) equilibrium

data were verified over 24 h periods within �10 �g.

For the x=0.00 sample, the isotherms below 300°C

were reproducible under systematic oxidation or re-

duction. An exception of this was the low-pressure

data points of the 350°C isotherm, which presented a

continuous drift of the mass sample indicating a loss

of stability for the x=0.00 sample. The oxidation of

this sample from these T and p(O2) values leads to

sample mass values lower than those previously ob-

tained. This fact indicates that a decomposition pro-

cess takes place in the x=0.00 sample at 350°C and

low p(O2) values. This process may involve a Hg con-

tent loss in the sample [57].

The temperature of the beginning of the decom-

position process increases as the Re content increases.

For the x=0.10 sample, this temperature is 400°C

while for the x=0.15 one is higher than 500°C, indi-

cating an improvement on chemical stability of the

Hg-1201 phase with Re doping.

It can be seen in Fig. 14 that the overall oxygen

content values for the Re doped samples are higher

than those of the Re-free ones. This is due to the high

oxidation state of this element (6+). The difference on

the oxygen content values between x=0.00, x=0.10

and x=0.15 samples indicates that each Re cation

bonds roughly four extra oxygen atoms to the struc-

ture, in agreement with the model proposed by

Chmaissen et al. [53].

Besides, the p(O2) measurements show that the

oxygen non-stoichiometry range as a function of

p(O2) decreases as the Re content increases. This fact
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Fig. 12 Unit cell of the (Hg, Re)-1201 compound, which cor-

responds to the tetragonal system

Fig. 13 Powder X-ray diffraction data for Hg1–xRexBa2CuOy

samples



reveals a stabilization of the oxygen sublattice as a

function of the Re content indicating that, in the

(Hg, Re)–O plane, the O(4) oxygen atoms are more

strongly bounded than the O(3) ones.

The Tco is plotted in Fig. 15 as a function of the ox-

ygen content for x=0.00, 0.05, 0.15 and 0.15 samples.

The oxygen contents were determined by thermogravi-

metry taking as a reference those oxygen content values

determined by NPD; the later are indicted by arrows in

Fig. 15. It can be observed that the Re doping does not

produce any significant change on the optimal Tco, that

is Tc max. Tc max slightly decreases (from 97.4 to 96 K)

with Re content which could be caused by a cation dis-

order affecting the electronic structure.

In order to discuss the effect of oxygen excess

‘’ on Tc the O(3) and O(4) occupancy numbers

[n(O3) and n(O4)] determined by Rietveld refine-

ments of the NDP data for samples annealed at 300°C

under 1 atm of pure oxygen are shown in Fig. 16.

These data show that for Re-free samples, the oxygen

excess () is localized at the O(3) crystallographic site

determining the carrier concentration. Besides, nO(3)

decreases as Re content increases and is practically

zero for x>0.05 samples. Therefore, for the

(Hg, Re)-1201 samples, the O(4) oxygen atoms dope

holes into the CuO2 planes playing a crucial role on

the presence of superconductivity [57].

Conclusions

• High temperature p(O2) and resistivity measure-

ments are a powerful tool to study the defect struc-

ture of complex oxides materials. From this infor-

mation it is possible to analyze different types of

lattice defects. These measurements allow the deter-

mination of the stability range of these materials as a

function of T, oxygen content and doping content.

• From the information given by the high tempera-

ture thermodynamic data, samples with accurate

control of oxygen content can be prepared.

• The variations of the physical properties (transport

and magnetic) can be accurately correlated with the

oxygen content of the samples and therefore with

its defect structure.
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Fig. 14 Logp(O2) vs. oxygen content for Hg1–xRexBa2CuOy sam-

ples. a – x=0, b – x=0.10, c – x=0.15. The arrows indicate

non-equilibrium points

Fig. 15 Tco as a function of oxygen excess ‘’ for samples of

Hg1–xRexBa2CuO4+ prepared with controlled oxygen

Fig. 16 O(3) and O(4) occupancy numbers [n(O3) and n(O4)]

determined by NPD for samples annealed at 300°C

under 1 atm of pure oxygen



• HTSC materials are complex oxides where small

variations of the oxygen content can produce dra-

matic effects on their superconducting behavior.

The understanding of such materials requires a

suitable knowledge of their defect structure. We

suggest for the Nd1.85Ce0.15Cu1.01Oy material that a

subtle modification of the crystal lattice due to the

presence of microstrains could be the cause of the

lack of superconductivity in the as-made samples.

• The high temperature thermodynamic measurements

are a useful tool to study the stability of HTSC such

as the R123 compounds. The thermodynamic stabil-

ity improves as the ionic radii of the R atom increases

This effect is discussed in terms of the lattice mis-

match between Ba–O and Cu–O2 layers.

• The role of the Re doping in the Hg-1201 materials

is evidenced by the equilibrium p(O2) measure-

ments. Re doping increases the high temperature sta-

bility at high temperatures due to the incorporation

of highly bounded oxygen atoms in the (Hg, Re)–O

planes. These extra oxygen atoms dope holes into

the CuO2 planes playing a crucial role on the super-

conductivity of the (Hg, Re)-1201 material.
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