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ABSTRACT 

We report positron lifetime measurements in sintered superconducting 

Bû2Cu307_x and GdSajCujOy.x oxides, it is shown that the thermal 

behaviour of the positron lifetime spectra strongly depends on the 

preparation of the ceramics. A lifetime of 190±3 ps is attributed 

to oxygen deficient regions. Two lifetimes of 251±7 ps and 22S±5 ps 

ore attributed to a cation vacancy presenting a temperature 

dependent atomic arrangement. The lifetime transition {251->225 ps) 

occurs during decreases In temperature across the resistivity 

supercanducting transition. This lifetime change indicates that the 

volume of the cation vacancy decreases in the superconducting state. 
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1 . INTRODUCTION 

Positrons are well known to be a useful and unique probe of atomic 

vacancy type defects in metals, semiconductors and insulators [l-i*]. 

Because the nature of the native defects in the sintered high Tc 

ceramics is still an open question, it is useful to investigate 

positron annihilation in such compounds. It is particularly 

Important to determine how the preparation of the ceramics moy 

control native vacancy defects. Recently, several authors hove 

reported positron annihilation measurements in Y8a2Cu3U7_x ceramics 

[5-14-]. Th« temperature dependence of the positron annihilation 

parameters varies widely from an author to another. Positrons 

lifetimes have not yet been attributed to well defined positron 

annihilation states, although Jean et al. C6] have proposed that 

the lifetime af 220 ps may be due to positron trapping In oxygen 

vacancies. 

In this poper. we report positron lifetime measurements in YBagCujOy. 

x and 6dBo2Cuj07_x ceramics obtained from various laboratories and 

prepared under different conditions. The aim of this work is to 

find tne positron lifetimes common to the various ceramics. It Is 

shown that various annihilation states may exist in sintered high Tc 

superconductive ceramics. We find that at least three lifetime 

values ore reproducible in the various samples and arise from three 



different positron annihilation states. We propose that twa types 

of defects are responsible for these lifetimes. 

2. EXPERIMENTS 

The superconducting ceramics were provided by different laboratories 

belonging respectively to the Nuclear Center of Saclay (SAC), 

Thomson (THO). the University of Orsay (ORS) and the Helsinki 

University of Technology (HEL). The THO, ORS and HEL specimens were 

YB02CU307_X (x-0.10 -0.20) ceramics. The SAC specimen was a 

GdSo2Cu3Q7_x ceramic. All the ceramics showed a resistivity 

superconducting transition with a width of a few degrees center?a at 

9112K dependng on the specimens. The HEL specimens were sintered 

at 950 "C for 30 h in oxygen and then successively annealed at 700 

*C for 6 h, at 550 *C for 12 h, at 4-30 flC*for 12 h in oxygen before 

cooling at room temperature. The THO specimens were sintered at 950 

• C for 6 h in oxygen, then annealed at 600 "C for 9 h and finally 

slowly cooled to room temperature. The SAC were sintered in air at 

950 "C for 12 hours and the ORS specimens were sintered in oxygen at 

950 *C. 

The lifetime spectra were recorded with a fast-fast lifetime 

spectrometer with a time resolution of 275 ps full width at half 

maximum (FWHM). A second lifetime spectrometer with a resolution of 

220 ps was also used for some lifetime spectra measurements. About 
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10 6 counts were occumuloted for each spectrum. After source 

component and background substroction, the lifetime spectra were 

analyzed with one or two exponential decay components. Annihilations 

In the source were taken into account with a two component lifetime 

spectrum (233 ps, k$) and (505 ps, 2£). The same source was used for 

all the measurements made in situ in a cryostat between IS K-300 K. 

A second source (233 ps, 2.**%) and (505 ps, 1.2SO was also used to 

duplicate room temperature measurements. 

3. RESULTS 

3.1 Lifetime spectra at room temperature 

The lifetime spectra at room temperature given in Table I are 

reproduciDly measured in samples having undergone the same 

preparation. Table I shows that the average positron lifetimes T are 

very different in the three YB02CU307_X ceramics at room 

temperature. The HEL ceramic displays the shortest lifetime at 173 

ps. The lifetime T in the THO ceramic exceeds that of the HEL 

ceramic by/ about 50 ps. whereas the lifetime T in «he ORS ceramic 

exceeds that of the HEL ceramic by only 20 ps. 

The GdBa2Cuj07_x ceramic gives the same lifetime as the ORS 

vao2Cu307.x ceramic. This result is interesting because both 

ceramics have undergone only on? thermal annealing at 95fl"C and 
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therefore hove undergone somewhat similar preparation. 

As seen from Table I , the decomposition of the lifetime spectra is 

also dependent how and where the ceramics were prepared. Only one 

lifetime component is resolved In the spectra measured in the HEL, 

ORS Y8Q2CU307_ X and GdBa2Cu307,x samples. Three lifetime components 

arm found in the THO YBa2Cu307_x samples. The long lifetime TJ of 

about 2000 ps in the THO YBa2Cu307_x ceramic is obviously due to 

positronlum formation but it has a rather low intensity (<l£) and so 

will be not further discussed. The average lifetime arising from the 

two shorter components T^ ond T2 i s 2 1 (* Ps> Higher thon the single 

lifetimes of 173 ps, 189 ps and 199 ps respectively found in the 

other ceramics. The long lifetime T2 in the THO YSo2Cu307_x ceramic 

is obout 251t7 ps and therefore much higher than the single 

lifetimes found in the other ceramics. The short lifetime f^ is 

about 1651101 lower than the single lifetimes found in the other 

ceramics. 

3,2 Temperature effects 

In Figure 1, the variation of the average lifetime with 

temperature is shown to depend on the origin of the ceramics. When 

the temperature decreases f-ont 300 K to 77 K. the average lifetime 

varies in opposite ways in the THO and HEL YBc2Cu3Û7_x samples. The 

positron lifetime decreases in the THO sample while it increases in 

the HEL sample. The ORS Y8a2<*'u307_x end SAC &d8a2

Cu3°7-x ^ve a 

similar behaviour as a function of temperature: both show no 



temperoture variation in the positron lifetime t Again it is noted 

that the positron behaviour is similar in those samples which have 

undergone similar preparation. 

The decompositions of the lifetime spectra remain the same over the 

range 77-300 K. One lifetime component is resolved in the HEL and 

ORS YBa2Cu30/7_j< and in the SAC 6dBa2Cu307_x samples. Three 

components are present in the THO YBa2Cu3£>7_x sample over the range 

17-300 K. Figure 2 shows that the long lifetime Tj decreases with 

decreasing temperoture in a rather abrupt way between 120 K and 80 

K. The lifetime drops from 251±7 ps to 225i5 ps. The lifetime 

transition 251/225 ps occurs in the temperature range where the 

superconducting resistivity transition takes place . The intensity 

Ij has a non-monotonlc variation decreasing from 55 % at 300 K to 

20* at 120 K. Then I 2 increases to 60 % when the lifetime decreases 

to 225 ps ot 80 K and reaches 70 * at 15 K. The short lifetime t-\ 

seems to remain unchanged with an average value of 170 ps aver the 

range 15-300 K. 

In spite of the presence of the 251 ps long component in the THO 

ceramics, the superconducting transition occurs at about 93 K as 

shown in Figure 3. 
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4. POSITRON TRAPPING IN SINTERED CERAMICS 

The positron lifetime we have measured in the VBa2Cu3Û7„x ceramics 

am hereafter discussed in the framework of the trapping model [1-3, 

15-16 and refs. therein]. This model is used to describe the 

positron behaviour in crystals containing defects. In o perfect 

crystal, positrons annihilate from a delocallzed Bloch state with a 

lifetime constant T D depending on the electron density in the 

crystal bulk. In a crystal containing defects, positrons may be 

trapped in localized stotes. Positrons annihilate from these 

localized states with lifetimes t d characteristic of the electron 

density In the vicinity of the defect. 

Due to their positive charge/ positrons are trapped very efficiently 

in the potential wells arising from vacancy type defects. This 

trapping is easily detected because when trapped in vacancy type 

defects, positrons annihilate with lifetime constants longer ttian 

when delocalized In the perfect lattice, typically Tb/Td >1-2. 

It has been shown in alloys that positrons may also annihilate from 

localized states arising from small precipitates or zones where the 

chemical composition is different from that in the matrix [17-19]. 

In this case, the states extend over the precipitates and so are 

much Less localized than in vacancy type defects. The size of the 

precipitates necessary to obtain localisation depends an the matrix 

and on the nature of the precipitates. In the precipitates, 
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positrons moy annihilate with lifetime constonts longer or shorter 

than In the perfect lattice of the matrix depending on the structure 

and composition of the precipitates relative to the matrix. 

In the high To ceramics we have studied, the wide dispersion of the 

average lifetimes measured at room temperature gives direct evidence 

that the sintered ceramics contain defects able to localize 

positrons. Our primary task is to identify the lifetime constants 

which arise from annihilation in localized states- We will then 

discuss the origin of the states and whether localization occurs in 

vacancy type defects or in other imperfections. 

We attribute the long lifetime of 25U7 ps to a well defined 

annihilation state. The following experimental facts support this 

view. First, the 251 ps lifetime remains unchanged over the 

temperature range 100-300 K while its intensity decreases. Second, 

such lifetimes have been previously observed by other authors in 

yGa2CU307_x ceramics, e. g, by Smedskjaer et al. [13]. The 251 

ps lifetime is much longer than the shorter average lifetime 

measured in the VBajCijjOy.y ceramics, l.ft times longer. This high 

value strongly suggests that the 251 ps lifetime is due to a 

vacancy type defect which contains at least one vacancy . This is 

strongly suggested by comparing the value 251 ps tu the other 

lifetimes found in the ceramics. And last, we note that the 251 ps 

lifetime is found in the normal conducting state and disappears in 

the superconducting state. 
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In the superconducting state, positrons are still trapped in 

YBo2Cu307_x ceramics. However the characteristics of the trapped 

state have clearly changed and the long lifetime TJ is 22515 ps 

over the range 15-83 K. Agoin it seems likely that this lifetime is 

due to a well-defined vacancy defect containing at lease one 

vacancy. It is 1.3 times longer than the shorter average lifetime 

that we have measured in the YBa2Cuj07_x ceramics. Other authors 

have measured lifetimes in the same range of 225110 ps [6-7,12] but 

it must be pointed out that they have measured them at room 

temperature i.n the normal state. 

It is striking to observe that the ORS and SAC sample give nearly 

the some lifetime of 19013 ps at room temperature and that this 

lifetime remains constant over'the range 80-300 K. In addition, it 

is cleor that bet-ween 80-120 K the HEL ceramics give rise to the 

some lifetime I87t3 ps os da the ORS and SAC ceramics. This 

behaviour may indicate that the 190 ps lifetime corresponds to a 

well- defined annihilation state. As average lifetimes shorter than 

190 ps are measured in the ceramics, it is likely that the 190 ps 

lifetime corresponds to a defect rather than to the crystal bulk. We 

shall assume defects for its origin and examine below their 

properties. 

The 190 ps lifetime has the four following characteristics. First, 

the 190 ps defect is observed in the normal state as well as in the 

superconducting state. Second, the positron trapping is more or 

less saturated in this defect depending on the samples. In the ORS 
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and SAC samples, the positron trapping in the 190 ps Is complete 

even at room temperature. In the HEL sample, the positron trapping 

becomes to be complete below 120 K. Third, the positron trapping in 

the 190 ps defect appears to be temperature dependent. In the HEL 

sample, positron trapping in the 190 ps defect disappears gradually 

above 150 K. Fourth, in the THO sample, the annihilation state from 

which trapping into the 225 ps and 250 ps defects occurs seems to 

correspond to the 190 ps state. If we apply the trapping model with 

one defect to the spectra measured in the THO samples and calculate 

the lifetime TQ given by the expression 

*0" fJl T 1 - 1 + x2 T2 - 1> 

we find a value of i95±4ps for TQ over the temperature range 1S-1S0K 

and a value of 201*5 ps at 300 K. If we apply the some calculation 

to the spectra measured by Ishibashi et al, [12] or by Smedskjaer 

et ol. [131 a t room temperature in YBa2Cuj07_x ceramics, the values 

of TQ are 188 ps and 194 ps, respectively. 

In the HEL ceramics at a temperature of about 250 K, the low values 

of the single lifetime component suggests that positrons may 

annihilate from the delocalized bulk state. However, measurements 

above room temperature are needed ta determine the level of the bulk 

lifetime. Lifetime spectra with a single component of 176 ps have 

been measured in V9a2Cu307_x single crystals by [10-11]. This value 

Is quite close the average lifetime we measure in the HEL sintered 

V8a2Cu307_x ceramics. But, surprisingly, the lifetime of 176 ps in 
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single crystals exhibits a different temperature variation from the 

one observed in the HEL ceramics. Figure b shows thot in the single 

crystals the 176 ps lifetime remains constant down to the 

superconducting transition temperatures. This may indicate that tne 

190 ps defect is related to the polverystalline character of the 

sintered ceramics. 

5. NATURE OF THE POSITRON TRAPS 

The picture which emerges from our analyses of the lifetime spectra 

in the ceramics may be summarized as follows. In the ORS and SAC 

samples, the 190 ps defects dominate positron trapping up to room 

temperature. In the HEL ceramic, the concentration of the 190 ps 

defects is lower than in the ORS and SAC samples and positron 

annihilation takes place portly in bulk at room temperature. In the 

THO ceramic, the 190 ps defects exist in addition to the defects 

225 ps and 251 ps, in which positrons are mare strongly localized. 

The HEL ceramic a priori contains less defects than the other 

ceramics we have studied. If we examine the details of the 

preparation of the samples, the HEL samples were cooled 

very slowly in pure oxygen with several annealings performed during 

several hours at decreasing temperature. Such careful annealing 

stages were not performed during the preparation of the other 

ceromics. On the other hand, extended regions, over which the oxygen 

concentration varies have been observed in YBa2Cu307_x crystals [20 -

22]. Moreover, oxygen-vacancy ordered domains have been recently 
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observed by dark-field transmission electron microscopy in-oxygen-

deficient Yea2Cu306.7 single crystols [22]. In the sintered ceramics 

we stud let', the oxygen concentration may present smaller 

fluctuations In the HEL sample than in other samples. We can suppose 

that in this sample, the oxygen deficient regions over which oxygen 

is lacking are reduced in size and/or density. Oxygen deficient 

regions may be oble to localize positrons in the same way as do 

small phases of coherent precipitates in alloys [18]. Assuming that 

positron localization in the oxygen deficient regions are able to 

localize positrons and give rise to the lifetime of 190 ps. we con 

explain why the HEL ceramic oppeors to be of better quality. Fewer 

zones able to localize the positrons are available and it Is only 

below 150 K that trapping in these zones become efficient. These 

regions of low oxygen concentration may be enhanced near the grain 

boundaries, which would explain why they are still present in the 

HEL sintered ceramics in spite of the careful preparation and are 

not observed in single crystals (Figure 4). 

The idea that oxygen deficient regions, in peculiar oxygen-vacancy 

ordered domains, are able to localize positrons is strongly 

supported by recent calulatlons of Jensen et al. [23]. Keeping the 

orthorombic structure constant and varying the stoichiometry from 7 

to 6.5. the authors found that the positron lifetime lncreses by 16 

ps and the positron zero point energy decreases by 0.5 eV. When the 

stoichiometry is reduced to 6, the lifetime increase is 47 ps and 

the energy decrease is 0.6 eV. These changes should be compared 

with the changes induced by trapping at oxygen and cation vacancies. 
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According to the outhors [23], trapping at any of the oxygen 

vacancies give at the best a binding energy of 0.2 eV and a lifetime 

10 ps longer than i D. The lifetime and the binding energy at a 

me toi atom vacancy depend on the type of vacancies. We list the 

results obtained by Jensen et al. for the copper vacancies, the 

yttrium and barium vacancies in the order of increasing lifetimes. 

Tropping at V Q U { 2 ) vacancies (Cu vacancy in the pyramid CuOS) gives 

19 ps for the lifetime increase and 0,7 eV for the binding energy. 

Trapping at a V v vacancy or at a V C U ( 1 ) vacancy (copper vacancy in 

the square plane CuO<t) increases the lifetime by 45 ps. However, 

the binding energy is much higher for Vy (2.7 eV) than for v C u(l) (i 

eV). Trapping at a V8a vacancy gives the maximum effect of 104 ps 

for the lifetime increase and of 3.5 eV for the binding energy, on 

the basis of these calculations, localisation in regions of low 

oxygen concentration with stoichiometry about 6.5 appears to be more 

effective than trapping at an oxygen vacancy and to be as effective 

as tropping at a vc M(2) vacancy. Localization in oxygen deficient 

regions is therefore a process which can compete with trapping at 

metal atom vacancies. The localization In the oxygen deficient 

regions provides a distribution of positron lifetimes wMch may vary 

from the bulk lifetime to values 50 ps longer depending on the 

oxygen stoichiometry in the region. 

In the presence of zones of different oxygen stoichiometry, 

positrons ore expected to annihilate with a distribution of close 

lifetimes. Experimentally, it is then difficult to resolve the 

spectra into the various lifetime components. The spectra give only 
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o single lifetime which is the overage of the lifetime distribution. 

This single lifetime reflects therefore the inhomogeneity of the 

oxygen stoichiometry. Boileau et al.[18] hove shown that positron 

localization occurs In o precipitate when the size of the 

precipitate exceeds a critical size. In our ease, taking a 

difference in positron affinity of n.5 gV, one can roughly estimate 

that the zones of oxygen stolchiometry 6.5 must extend over a 

volunune of about (14 A*)3 to localize positrons, i. e. over the 

length of the unit cell in the e direction. Otherwise, positrons ore 

not sensitive to the size of zones. Chen et al. [22] proposed that 

the oxygen-vacancy-ordered domains that they observed in the 

YBajCusOg^ single crystals correspond to a stolchiometry of 6.5. It 

is therefore interesting . that these ordered domains extend over a 

volume of average dimensions (20x200x10) A" In the axis direction 

a,b,c, 1. e. over a volume sufficient for positron localization. 

The positron trapping in the 22515 ps defect observed in the 

superconducting state decreases when the temperature increases. The 

225±5 ps lifetime is replaced by another well-defined lifetime in 

the normal state, the lifetime 25l±7 ps. This lifetime 

transition reflects either (i) a property of the positron trapping 

or (ii) the disappearance of the 225 ps defect itself as a 

function of temperature. The possibility (l) implies that the 

positron trapping is temperature dependent. The positron trapping 

may vary with the temperature because the specific trapping rate in 

the defect is temperoture dependent and/or because there is a 

detrapping from the defect. In vaa2Cu507»x ceramics which have a 
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metallic character, one expects positron trapping to occur in 

vacancies via o electron-hole creation mechanism and consequently 

expects the specific trapping rate into the 225 ps and 251 ps 

defects to exhibit no temperature dependence. Detrapping from the 

225 ps defects is unlikely: high binding energy (1 eV) is expected 

since the lifetime is already 50 ps longer than 173 ps. Therefore, 

we rule out the possibility of a temperature dependent positron 

trapping property for the 225 ps and 251 ps defects. This means 

that the possibility (1) is excluded and we are left with the 

possibility (ii): the 225 ps defect itself disappears when the 

temperature increases and the 251 ps defect appears. 

The appearance of the 225 ps lifetime below Tc in the THO ceramics 

seems to be connected with the superconducting transition. However, 

further experiments are needed to verify that the lifetime 

transition 251->225 ps is in fact due to the superconducting 

transition. The transition 251->225 ps is a smooth transition 

compared to the resistivity transition which occurs within a few 

degrees as seen in Figure 3. The lifetime transition hos already 

started above 120 K, temperature at which the positron trapping at 

the 251±7 ps defect disappears to the benefit of one (or more) 

annihilation state(s) with shorter lifetimes. This transition, a? 

discussed above, is difficult to explain in terms of positron 

trapping properties. We propose that the 225 ps and 251 ps lifetime 

arise from the some vacancy defect. The 251->225 ps transition 

occurs because the defect undergoes a configuration change when the 

temperature decreases below 120 K. The defect has a more open 
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structure In the normal state t;ian in the superconducting state. 

Cation vacancies associated with the region of low oxygen 

concentration are likely to be the origin of the 251->225 ps 

lifetime transition. Cation vacancies have been reported as 

possible native defects in these ceramics. Cation displacements and 

vacant cation sites have been observed by using high -resolution 

electron microscopy [21], X-ray diffraction experiments have shown 

that Vj;u( 1 ) vacancies are present in single crystals and the 

estimated concentrations ore rother high 4-B* o f 1 [2*]. It has not 

been observed that other catlonic sites were vacant [24-]. 

The calculations of the trapping rate within the one defect tropping 

model indicate that positron trapping into the 225/251 ps occurs 

from the 190 ps lifetime (see chapter *••). Assuming a specific 

trapping rote per vocancy of 2x10E14 s-1 [1-3], the cation vacancy 

concentration in the low oxygen deficient regions is calculated to 

be of the order of 10E-5 at"1. 

6. CONCLUSION 

In conclusion, the sintered ceramics we studied were found to 

contain defects able to localize positrons. All of them appear to 

contain regions of low oxygen concentration with which we associote 

the lifetime of 190 ps. Cation vacancies are observed. They 

appear to be assooclated with the oxygen deficient regions. The 

open volume in these cation vacancies decreases when the temperature 

decreases below the superconducting transition. The atomic 
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rearrangement of the cation vacancies is reflected by the lifetime 

transition 25U7->225±5 ps. Even the ceramics with the highest 

defect concentration show the superconducting transition ot 93 K In 

the resistivity. 
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Table I. Lifetime spectra at room temperature in sintered high Te 

Y8a2Cu}07_„ and GdBajCujOy.x ceramics prepared In different 

laboratories: Thcmson (THO), University of Orsay (ORS), 

Helsinki University of Technology (HEL), Centre d' Etudes Nucléaires 

de Soclay (SAC). 

SAMPLES T I 

(ps) <*) 
'2 

(PS) 

12 

(«) 
13 

(ps) 

13 

(« 
t 

(ps) 

«8a 2 Cu 3 0 7 . x 

THO 
165 
±18 

43 
±13 

251 
±7 

57 
±15 

2000 
±400 

0.5 . 
• ±0.1 

224 
±2 

YBa2&l307.x 

HEL 
173 
±2 

- - - - - 173 
±2 

Y8a 2 Cu 3 Q 7 . x 

ORS 
190 
±2 

- - - - - 190 
±2 

GdB^Cl^.x 
SAC 

190 
±3 

- - - - - 189 
±2 



FIGURE CAPTIONS 

Figure 1- Positron average lifetime os a function of temperature In 

sintered high-Tc VBa2Cu307_x ond GdBojCujf^.x ceramics. 

Figure 2. Long lifetime T2 and its intensity 1$ In the sintered high 

-T c YQajCujOy.x prepared in Thomson. 

Figure 3. Superconducting resistivity transition in the sintered 

high-Tc VBa2Cu307_>e prepared in Thomson. 

Figure **-. Positron lifetime as function of temperature in the 

sintered high-Tc YBa2Cu307_x prepored ot the Helslnski University of 

Technology (this work } compared to the overage lifetime In a single 

crystal prepared in AT&T Bell Laboratories (after [10]). 
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