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Abstract　 Acco rding to simple phy sical picture and compe titio n mechanism o f positron tr ap-

ping in defects, a tr ap-annihilation model have been giv en. Fur thermo re , the characte ristics o f

posit ron trapping in high Tc superconduc ting ma terials are discussed by this model. It may be

used fo r discussing non-equilibrium def ects in ma teria ls.
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In many defected systems, the li fetime fo r multi-component spect ra can be treated ac-

cording to the trapping model reported by West et al
[1, 2 ]

. How ever, the analy sis of experi-

menta l data is sometimes di fficult due to the ef fect of time resolution o f spectrometers. All

posi t rons are t rapped, and annihi lated in the saturated traps, i. e. high concentration

t raps. In this case, the t rapping model is not applicable. In this paper, a simple physical

picture, a defini tion of posi t ron t rap and some basic a ssumptions are int roduced; a t rap-

annihi lation model is proposed based on the competi tion mechanism. The cha racteristics o f

posi t ron t rapping in high Tc superconducting samples, taken as a good example, are also

discussed acco rding to our model.

1　 Theoretical M odel

1. 1　 Definition and classification

Posi tron t raps deno te the non-perfect regions o f the crystals, such as vacancies, dislo-

cations, g rain bounda ries, interfaces and surfaces. There are no atoms o r mo re lo ose

a tomic ar rangements on tho se regions, therefo re, the posi t rons can be at t racted to t raps in

a nega tiv e electrosta tic potential.

Based on thei r po si t ron po tentials, po sit ron t raps can be classified into tw o cate-

gories: shal low traps and deep traps. The posi trons in the shallow traps have the possibili-

ty to escape f rom the t raps. The deep traps, on the o ther hand, do no t release posi t rons.

Fig. 1 show s the physical picture of po sit ron t raps. Es and Ed represent the posi t ron poten-

tial for a shallow trap and a deep trap, respectiv ely.
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Fig . 1　 Physica l pictur e o f posit ron t raps

In addi tion, po sit ron t raps can also be

classi fied as sa turated t raps and nonsa turated

t raps acco rding to thei r concentration. The

fo rmer is for high concentration traps w hich

may trap and annihilate all po sit rons and fo r

w hich the posi t ron annihilation parameter

does no t change as it s concentration increases

further. The la tter is fo r low concentration tha t part ly annihila tes the posi t rons.

1. 2　 The distribution of positron in traps

The characteristic pa rameter of annihilation, F is a linea r function of the po si t ron state

F=∑
j

F jN j /∑
j

N j= ∑
j

P j Fj ( 1)

Where, Fj , N j and Pj a re the po sit ron annihila tion pa rameter, the number of posit ron and

the probabili ty o f po si t ron t rapping in trap j , respectiv ely.

In o rder to deal wi th the problem o f posi tron t rapping , a critical total concentrationC0

is int roduced, w hich is defined as follow s

C=∑
i

Ci　　C0= ∑
i

Ci0 ( 2)

Where, C i s to tal ef fective concentra tion fo r all traps; Ci and Ci 0 a re the real concentration

fo r t rap i and i ts critical concentra tion respectiv ely.

Acco rding to the defini tio n of posi t ron t raps, i f Ci < Ci 0 then t rap i is a nonsatura ted

t rap; conversely , if Ci≥Ci0 then t rap i i s a satura ted t rap. How ever, the li fetime spectra

can be analy zed by the t rapping model repo rted by West et al[1 , 2] only in the case of nonsa t-

urated t raps. Thus w e suggest that the probabili ty of po sit ron annihi lation in satura ted

t raps may be w ri tten as Maxw ell-Bol tzmann ( M-B) dist ribution for which w e get

Pi= Ai exp( - Ei /kT )　　 Pj /P i= N j /N i= Aij exp( - Ei j /kT ) ( 3)

Where, Aij = A j /Ai i s a propo rtional co ef ficient , Eij= E j - Ei , Ei and Ej are the posi tron

potentials in t rap i and trap j , respectiv ely.

2　 Posit ron Trapping in High Tc Superconductor

2. 1　 Positron traps in high Tc superconducting samples

Compared to that of simple metals, the crystal st ructure of high Tc superconducting

samples is complica ted and aniso t ropic, and they contain more defects than simple metals,

fo r instance, the oxygen vacancy , Cu( 1)-O chain, the Cu( 2)-O plane. The boundaries o f

superconducting phase are a lso involved in defects which have direct ef fects on supercon-

ductivi ty.

The high T c superconducting sample contains many traps of posi t ron. In order to easi-

ly analy ze the lifetime spect ra measured, a “ quasi-t rap” concept is int roduced and defined

as follows

E0=∑
i

Ei /N=∑
j

Es j /N+ ∑
k

Edk /N ( 4)

F0=∑
i

FiP i= ∑
i

Fi / ( 1+ ∑
j

Pi /P j ) ( 5)

Where, Ei is the posi t ron po tential of t rap i , E0 , F0 a re the posi tron po tential and character-

istic pa rameter o f “ quasi-t rap” , respectiv ely. Esj and Edk a re the posi tron po tentials for

shal low trap j and deep trap k , and the o ther symbols have the same meaning as in formu-
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la ( 1) . Analysis of fo rmulas ( 4) and ( 5) show s that the“ quasi-t rap” concept may solve

the annihila tion characteristics fo r many traps in high Tc superconducting samples. It

means that a“ quasi-t rap” is analy zed, the o ther t raps are reg arded as backg round. Taking

the posi tron potential of the “ quasi-t rap” as a standard, the t raps can be classi fied into

shal low traps ( Ei < E0 ) and deep traps ( Ei> E0 ) .

2. 2　Variation of positron annihilation parameter with the positron potential

When a high Tc superconducting sy stem with many defects t ransi ting f rom one state

to ano ther state, some shallow traps and deep traps are produced o r eliminated. Taking

the posit ron po tential o f the“ quasi-t rap” as a standa rd, the posi tron annihilation pa rame-

ter increases w hen a deep trap is produced; conversely , i t decreases w hen a shallow trap is

produced. Simi larly, the po si t ron annihi lation parameter decreases when a deep trap is e-

liminated; conversely, i t increases when a sha llow trap is eliminated. High Tc supercon-

ducting samples contain many kinds of defects, i. e. many shallow traps and deep traps,

thus variation of po si t ron annihilation pa rameter wi th t rap pa rameters ( such as t rap con-

centration, t rap po tential ) may be discussed as fo llow s.

( 1) Fo r the saturated t raps, the probabi li ty of posi t ron annihi lation may be w rit ten as

M-B dist ributions. Replacing Fi= fi in formula ( 5) , then, fo r M -B dist ribution, w e get

f0=∑
i

fi / 1+ ∑
j

exp ( Eij /kT ) /Ai j ( 6)

Wheref0 is a lifetime of“ quasi-t rap” , w hich represents a mean li fetime in many satura ted

t raps.fi is the lifetime of t rap i . According to the resul ts o f formula ( 6) , the mean lifetime

depends on the po si t ron potentia l of trap i and i ts lifetime, independent of i ts real concen-

tration.

( 2) Fo r the nonsaturated traps, po sit ron annihi lation obeys the t rapping model re-

ported by West et al
[1 ] , we may get

[2 ]

f-=∑
i

( 1+ ∑
j

K
ij
/kλj ) /λi+ ∑

j

K ij ) ( 7)

Where, λj is the annihila tion ra te of posi t ron in t rap j; K ij i s the time-independent t ransi-

tion ra te; f- is the mean lifetime of posit ron in nonsaturated t raps.

( 3) In o ther case, po sit rons annihilate bo th in nonsa turated t raps and in satura ted

t raps. If they are independent of each other, then the mean li fetime of po sit ron may be

w ri tten as follow s

f= Paf-+ Pbf0 ( 8)

Where Pa , Pb a re the probability of po sit ron annihi lation in nonsa turated and satura ted

t raps; f-,f0 a re the“ mean” lifetimes o f po sit ron in nonsatura ted and sa turated t raps respec-

tiv ely.

In fact, based on the competitio n mechanism of posi t ron t rapping in t raps, replacing

λ
*
= 1 /f0 in fo rmula ( 6) , then fo r M-B dist ribution, w e get

λ
*
= 1 /f0=∑

i

1+ ∑
j

exp ( Eij /kT ) /Ai j /fi ( 9)

Thus, the real mean lifetime of po sit ron may be w rit ten as

f=∑
i

1+ ∑
j

K
*
j /kλ*j / λ* + ∑

j

K
*
j ( 10)

Where, λ
*
i s the annihi la tion ra te of posi tron in sa turated t raps; K j , λ

*
j a re the t ransi tio n

ra te and annihila tion rate in nonsatura ted trap j respectiv ely. The mean lifetime o f
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　　 Fig. 2　 Mean posit ron lifetime a s a function

o f trap concentra tion in high Tc su-

perconducting samples

posi t ron can be giv en by the analy ses of

fo rmulas ( 9) and ( 10) ; the results in high Tc

superconducting samples are show n in

Fig. 2. Curv es dk and curv es sj are the

changes of posi tron annihilation parameter

(f) due to the int roduction of deep trap d and

shal low trap s , respectiv ely. Generally, fs≤

f≤fd , w herefs andfd are the sho rtest (about
100 ps) and the longest ( about 500 ps) li fe-

times of all t raps in high Tc superconducting

sample. The mean lifetime measured has

somewhat dispersion f romf0 due to a limi t of

the competitio n mechanism. Similiar resul ts

can be giv en i f the probabli ty of posi t ron annihilation in saturated t raps is w ri t ten as Fer-

mi-Diric ( F-D) dist ribution.

2. 3 Experimental test

The defects of high Tc superconducting samples w ere investigated by many au-

thors
[ 3～ 5]

using PAT. Manuel et al
[3 ]

suggested that the la rg e dispersion of the experimen-

tal results a round Tc mainly come from the sintered sample, the temperature, the t rea t-

ment , the homogenei ty and the presence of ev entual second phase. Acco rding to the t rap-

annihi lation model , the number, the kind and the distribution of defects in high Tc super-

conducting samples are somewha t different. It implies that a lot of traps exist in the sam-

ples.

The po sit ron annihi lation pa rameter as a function o f temperature ha s been widely in-

vestiga ted
[3～ 5 ]

. Fo r instance, an increase and a decrease o f lineshape S-parameter around

Tc in YBa2 Cu3O7-W were repor ted by Ishibashi et al
[4 ]
; and the anoma lies o f lifetime w ere

reported by Teng et al[5 ] as w el l. Acco rding to analysis of Fig . 2, the introduction of a

deeper t rap results in an increase o f the po sit ron annihi la tion pa rameter, and the int roduc-

tion of a mo re sha llow trap resul ts in a decrease of the posi t ron annihilation pa rameter.

The kind, depth and concentration of many traps wi ll produce a sudden change as so on as

the superconducting t ransi tion takes place in the samples. Therefo re, fb , f1 , f2 , and their

rela tiv e intensities I1 , I2 from each g roup a re di fferent. In fact , these values do not repre-

sent the characteristic parameter o f a t rap, but the“mean li fetime” for some traps. Thus,

di fferent da ta w ere repor ted
[3～ 5 ]

.

3　 Conclusion

( 1) A trap-annihila tion model is propo sed based on the competi tio n mechanism for

posi t ron t rapping in defects.

( 2) The characteristics of posi tron annihi lation in traps fo r high Tc superconducto r a re

discussed by this model. The large dispersion o f the experimental da ta around T c can be

explained.

( 3) The model may be used to study non-equilibrium defects in oth er materials.
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高温超导体中的一个正电子陷阱湮没模型

吴奕初 　朱梓英

摘　要　从简单的正电子物理图像出发 , 引入正电子在陷阱中湮没竞争机制 , 提出了一个新的陷阱湮没

模型 ,并采用这个模型分析了多陷阱的高温超导材料中的正电子湮没特征 ,此模型可用于探索非平衡缺陷

问题的普遍情况 .

关键词　正电子湮没 , 高温超导材料 , 陷阱湮没模型

分类号　O 571. 33, TM 26
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