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The measurements of cold rolled nickel alloys w ith 1 at. % of Ge, Zn, In,
Zr, Pb and additional l y T i and Sb by positron lif etime and Doppler broad-
enin g techni ques have b een done. Mono vacancies w ere a dominati ng typ e of
defects in the alloys. The authors of the present pap er connect the di ˜er-
ences betw een the annihi latio n parameters of the investigated samples w ith
the existence of the vacancy- impurity atom pairs. A direct prop ortional ity

b etw een the vacancy lif etime and the pro duct of vacancy- impuri ty bindin g
energy and atomic radius of impurity atom has been found.

PACS numb ers: 78.70.Bj , 78.30.Er

1. I n t rod uct io n

R esul ts of posi t ron anni hi lati on studi es of di lute binary al loys (pri m ary solid
soluti ons) rarely show disti nct di ˜erences wi th respect to tho se for pure m etal (sol-
vent). The m easura ble di ˜erences occur only when the presence of the adm ixture
causes the changes in the defect or the electroni c structure of solvent m etal , the
Ùrst of these two factors seems to play a dom inating ro le. Several papers devoted
to the positro n anni hi lati on studi es of the vacancy- im puri ty (v- i ) intera cti on in
ni ckel have been al ready publ ished yi eldi ng, am ong others, the deta i led exam i-
nati on of the defect structure of al loys [1], calcul ati ons of the vacancy- im puri t y
bi ndi ng energy (E B

v i ), e.g. [1{ 3], or an attem pt to elaborate the vacancy- im puri t y
intera cti on theo ry [4], tho ugh the last ta sk was connected wi th som e di£ cul ti es.
Neverthel ess, the subject remains to be not ful ly exhausted and every new attem pt
of appro achi ng i t may bri ng som e new valuable inf orm ati on.

The main purp ose of the present study was to investi gate the v- i intera c-
ti on in a series of nickel -based al loys (pri m ary sol id soluti ons) conta ining 1 at. %
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of Ge, Zn, In, Zr or Pb by two positro n anni hi lati on m ethods: positro n l i feti m e
and D oppl er bro adening m easurements. Addi ti onal ly, the potenti al i ti es of a newl y
constructed, m odiÙed appa ratus for D oppl er bro adening measurements [5] were
exam ined.

2. E x per i m en t a l

The inv estigated al loys were produced by inducti on of 4N puri ty nickel wi th
1 at.% addi ti on of pure Zn, Ge, Zr, In, and Pb. Af ter m elti ng the ingots were
cut into Ûat, 2 mm thi ck pi eces and subm i tted to long-lasting homogenisati on
tem pering at 1000 £ C fol lowed by slow cool ing to the room tem perature. Then the
hom ogeneity and chemical com positi on of the al loys were checked by laser and
electron beam microanalyses. The slices of the al loys were cold rol led in 0.1 m m
steps to get Ùnal ly 1 mm thi ck pl ates, from whi ch the square sam ples wi th the
area of 1 cm 2 were cut.

A m oderni sed version of spectrom eter based on two HPG e detecto rs was
used in D oppl er bro adening measurements to get di ˜erenti al spectra (the rela ti on
between the numb er of counts and energy di ˜erence of two registered anni hi la-
ti on pho tons). The di ˜erenti al spectra are analogous to tho se, whi ch come f rom
conventio nal, one-detecto r D oppl er devi ces but they are symm etri cal , a peak to
background rati o is higher and the relati ve apparatus resoluti on can be better by
the factor of

p

2 . The di ˜erenti al spectrum as a one of the tw o-di mensional D oppl er
bro adening resul t presentati on wa s used, e.g. by Lynn et al . [6]. In our experim en-
ta l setup, the peak to background rati o was about 5 È 1 0 4 , and the relati ve energy
resoluti on im pro ved by the factor of 1.3 caused a decrease in the FW HM value
to about 2 keV. As a source of positro ns 2 2 Na was used. The average numb er of
counts per spectrum was 4 : 8 È 1 0 6 .

Positro n anni hi lati on l i feti me m easurements were perform ed at room tem -
perature. The Ortec com merci al system wi th 240 ps ti m eresoluti on was used. The
positro n source ( 2 2 Na) of the acti vi ty of 10 ñ Ci was pl aced between two identi -
cal thi n Hostaphan foi ls (0 .8 mgÂcm À 2 each) and then sandwi ched between the
inv estigated sam ples. The average amount of counts per spectrum wa s 1 È 1 0 7 .
The analysis of positro n l i feti me curves was perform ed using POSITR ONFIT pro-
gram [7] incl udi ng source correcti on wi th contri buti on to be equal 4%. In the
second series, f or al l the sam ples menti oned above and addi ti onal ly for Ni Ti and
Ni Sb, the l i feti m e m easurements using another fast{ slow coinci dence devi ce wi th
2 2 Na source of acti vi ty 2.5 ñ Ci have been done. The ti m e resoluti on of the devi ce
wa s determ ined as 300 ps and the value of counts per spectrum wa s about 2 È 1 0 6 .

3 . R esul t s an d d iscu ssio n

The investigati ons of the vacanci es in metal l ic m ateri als requi res thei r pres-
ence in the am ount exceeding the lower thresho ld for thei r detecti on by positro n
anni hi lati on m etho ds ( ¤ 1 0 À 1 ppm [8]), but in the studi es of the v-i intera cti on the
exi stence of detecta ble amount of vacancy- impuri ty ato m pai rs is im porta nt to o.
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Severe cold ro l l ing of the sam ples wi th 50% reducti on in thi ckness guarantees not
onl y the exceeding of the lower thresho ld of the sensiti vi ty of annihi latio n tech-
ni que but al lows for exp ecting tha t the vacancy channel of anni hi lati on wi l l be
dom inant. In simi lar studi es [9] of Ni Ge al loys the satura ti on of the anni hi lati on in
vacancies was achi eved after the reducti on of the sam ple thi ckness by 25%. There-
fore the observed di ˜erences in the anni hi lati on parameters wi th respect to tho se
for pure ni ckel indi cate the presence of the v-i pa i rs and conta in inform ati on on
the v-i intera cti on in a given al loy.

D ue to the very smal l di ˜erences between the anni hi lati on spectra for inv es-
ti gated al loys, the presentati on of the resul ts of D oppl er bro adening m easurem ents
as rati o curves was chosen for the best vi sual isati on of thei r dissimi lari ty (Fi g. 1).

Fig. 1. The lef t sides of the ratio curves normalized to the equal numb er of counts for

each of the spectra. T he ranges of W and S parameters are also presented.

The rati o curves were obta ined by norm al isatio n of the raw spectra to the
equal numb er of counts per spectrum fol lowed by divi ding the spectrum for a given
al loy by the spectrum for the reference sam ple | pure, cold ro l led ni ckel. As i t
fol lows from Fi g. 1, in the whole range of the large energy di ˜erences, the locati on
of data points for investigated al loys exhi bi ts a rem arkabl e regul ari ty . The points
representi ng the resul ts for Ni In al loy are always located at the to p and tho se
for other al loys below, in the sequence Ni Zr, Ni Pb, Ni Ge, and Ni Zn. Theref ore, i t
can be expected tha t the W and S param eters, avera ging the measurement resul t
presented in Fi g. 1, reÛect thi s characteri stic situa ti on. The results of the W and
S parameters determ inati on are presented in T able I.

As expected, the values of the W parameter for inv estigated al loys decrease in
the sequence Ni In, Ni Zr, Ni Pb, Ni Ge, Ni Zn. A stri ctl y opposite trend in the values
of S parameter is observed. These regul ari ti es are clearly seen on the S = f ( W )

di agram (Fi g. 2) showi ng a l ineari ty well known from other anni hi lati on studi es of
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T ABL E I

T he values of S and W parameters.

Ni Ni In Ni Zr Ni Pb Ni Ge Ni Zn

S 0.5862 0.5990 0.6027 0.6057 0.6102 0.6127

W 0.2816 0.2695 0.2663 0.2634 0.2588 0.2573

defects in sol ids. It should be noted tha t the com m only accepted expl anati on of the
l ineari ty of the S = f ( W ) pl ot [10] concerns the sampl e in whi ch concentra ti on of
onl y one typ e of defects is changed, e.g. by tempering, and the numb er of defects
is kept wi thi n the l imi ts of the sensiti vi ty of positro n anni hi lati on techni ques. For
the investigated Ni -al loys these assumpti ons are not ful Ùlled, but the observed
l ineari ty of the S = f ( W ) plot seems not to be fortui to us.

Fig. 2. S = f ( W ) diagram for pure N i and for the alloys.

Assum ing tha t the increased value of W param eter is connected wi th an
increased contri buti on of positro n anni hi lati ons wi th d electrons of impuri t y ato m s,
we can interpret alm ost al l of the presented resul ts connecti ng them wi th the
num ber of the outerm ost valence electrons shieldi ng d electrons of im puri ty ato m s.
But a high devi ati on f rom the rul e for Ni Zn suggests tha t the ki nd of defects,
l ikewi se the numb er of defect- im puri ty pai r, is of a great im porta nce to o. Apa rt
from tha t, a low value of the W parameter coul d not be caused by the lack of
tendency of annihi lati ons wi th deep bound electro ns but by a high probabi l i ty
of anni hi lati ons wi th outerm ost, low- momentum electro ns. In such situa ti on the
increase in S param eter and thi s way decrease in W parameter can be observed.
It looks as i f the recall ing of l i feti m e results to lighten the questi on of a ki nd of
defects wo uld do an im porta nt step to wards.
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The l i feti me spectra (after correcti on for source contri buti on) were Ùtted
wi th a sum of two exponenti als. The Ùrst com ponent was always dominant. In
relati on to the whole series of m easurem ents the average intensi ty of the Ùrst com -
ponent equals 85% and ta ki ng into account the range of l i feti m es (163{ 184 ps) i t
seems tha t i t can be regarded as the vacancy com ponent. The average l i feti m e for
the second component equals to 306 ps and we thi nk it corresp onds to v acancy
aggregates (cl usters), gra in boundari es or other defects form ed duri ng the pro ce-
dure of the sam ple preparati on. The intensi ty of thi s com ponent am ounts up to
15% in avera ge. In fact the l i feti me values of the second component range f rom
¿ 250 ps to ¿ 400 ps and the relati ve intensi ti es range over alm ost 35%. The con-
stra int (306 ps) analysis is excluded due to chi -square behavi our (a to o big value)
and i t sta tes tha t the spectra are lacking in the possible rem ainder of the source
component. T able I I presents the results of l i feti me measurements.

T ABLE I I

A verage lif etime (§a v ), Ùrst comp onent lif etime ( §1 ) and the intensity
of the Ùrst comp onent (I 1 ) for investigated alloys.

Ni Ni Ge Ni Zn Ni Ti Ni In Ni Sb Ni Zr Ni Pb

§ 1 [ps] 163 168 171 172 179 180 181 184

(1)Ê (1) (4) (3) (4) (3) (4) (4)

I 1 [%] 89.2 76.7 64.5 98 79.8 95 95.7 80.6

(0.1) (0 .3) (0.4) (0 .5) (0 .7) (0 .8) (0 .3) (0 .3)

§ av [ps] 177.5 198.3 204.7 174.6 196.2 185.2 191.1 209.8

(1.2) (1 .0) (3.9) (5 .6) (6 .3) (4 .7) (6 .7) (4 .7)
Ê Standard deviation s of measured quantities are given in round brackets.

It is worth noti ng tha t al l the sam ples consist in 99% of ni ckel and the
anni hi lati on of positro ns from defect state dominates (l ack of the 108 ps com po-
nent). Theref ore i f we observe smal l di ˜erences in m easured l i feti m es they should
be connected wi th di ˜erent (f or each of the al loy) defects and wi th coexi stence
of defects and im puri ty ato ms in the nearest surro undi ng. The hi gh value of the
Ùrst component li feti m e in the case of Pb or Zr could m ean tha t the majori ty of
positro ns anni hi lates in unb ound v acanci es, l ike in pure ni ckel but a smal l part of
them anni hi lates from vacanci es bounded wi th Pb or Zr ato ms. Such Ni v acancy
should has the size depending on the im puri t y ato m atta ched. One can also assume
an impuri t y atom bounded wi th vacanci es exi sting in a bigger numb er wi th not
necessari ly m uch bigger dim ensions. Consideri ng tha t both the di mensions and
the amount of the v- i pai rs a˜ect the registered positro n l i feti m e, and ta ki ng into
account tha t the Ùrst l i feti me com ponent does not represent only the v-i pai rs
because of a stro ng representa ti on of the unbound vacancies (l ike in pure ni ckel ),
the evaluati on of the e˜ect of dim ensions and popul ati on of the v- i pai rs on the
value of the Ùrst l i feti m e com ponent seems to be impossible.
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Let us assume hyp otheti cal ly tha t the Ùrst li feti m e component data con-
ta in inf orm ati on only about di mensions of vacanci esexi sting near im puri ty ato m s.
Then the correl ati on between the Ùrst l i feti me com ponent and the impuri t y atom
radi us would be exp ected. Im puri ty ato m s deform ed thei r surro undi ng, incl uding
vacancies, on the basis of latti ce relaxati on m echanisms. No such correl ati on has
been found.

If the l i feti me data conta ined onl y inform atio n about the numb er of v- i
pa i rs wi th only slightl y di ˜erent vacancy di m ensions for al l the sampl es then the
correl ati on between the Ùrst l i feti me component and the num ber of v- i pa i rs woul d
be expected. The establ ishing of such a correl ati on is m ore di£ cul t because of
the lack of di rect inform ati on about the num ber of v- i pai rs but wi th a certa in
pro babi l ity i t is possibl e to check the exi stence of such correlati on by an indi rect
wa y. Na mely there is a m agnitude | the vacancy- impuri ty bi nding energy E B

vi ,
whi ch is, by some way, proporti onal to the num ber of v- i pa i rs. No correla ti on
between the Ùrst l if eti me component and E B

vi has been found to o.
Theref ore, the com bina ti on of dim ension factor represented by the ato m ic

radi us of impuri t y ato m wi th the v-i populati on facto r represented by E B
vi wi th the

relati on to the Ùrst com ponent l i feti m e suggests i tsel f to be pro ven. The resul ts of
an attem pt to Ùnd such a correl ati on is presented in Fi g. 3.

Fig. 3. First lif etime comp onent versus pro duct of the E
B
v i and atomic radius of the

impurity .

A di rect proporti onal i t y between the §1 and the E B
vi R i pro duct has been

found. Thi s way the assumpti on about inÛuence of dim ensions and popul ati on of
v- i pa irs on the anni hi lati on characteri stics seems to be conÙrm ed.

The pro cedure leading to reveal ing the above correl ati on is not free of l imi ta -
ti ons. The assumpti on of pro porti onali ty between E B

vi and the numb er of v- i pai rs
in the sampl e requi res som e discussion. In fact, the m etho d of E B

vi calcul ati on
(G §recki [1]), is based on the sim ple but useful m odels of the therm odyna m ics of
vacancies in di lute binary al loys developed by Lomer [11] and Schapink [12]. These
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m odels describe the v- i intera cti on wi th the assumpti ons tha t in the vi cini ty of va-
cancy there is no other vacancy and onl y one im puri t y ato m. In our sam ples both
the conÙgurati ons can exist but thei r inÛuence on the anni hi latio n characteri stics
does not seem to be dom inant because of a low concentra ti on of the im puri t y in
the al loys investigated. Apa rt from tha t, the autho rs did not assume the di rect
pro porti onal ity between E B

vi and the num ber of v- i pa i rs but we thi nk tha t there
m ust be som e relati on between both the m enti oned m agnitudes. W e also believe
tha t the use of E B

vi i s com forta ble, because thi s energy reÛects the valence Ùtti ng
of al loy and m atri x atom s, vacancy charge, dim ension disproporti on of ato m s and
other aspects deciding about attra cti veness of v-i pa i rs in the al loy [13].

The second aspect of data analysis requi ring a further discussion is based on
the assumpti on tha t as a resul t of m atri x relaxa ti on in the vi cini ty of impuri t y atom
the di mension of the surro undi ng defect changes to o. The basis of thi s assumpti on
l ies on the intui ti vely well understa ndabl e deform ati on of the surro undi ng in the
vi ci ni ty of a larger ato m in the m atri x. A sim ple geometri cal analysis conÙrm s
tha t a vacancy existi ng in the vi cini ty of a bigger im puri t y ato m m ust be bi gger
to o.

The data on the ato m ic radi i and the phase diagram s used for the calcul ati on
of the v- i bindi ng energies are ta ken from [14{ 18] and references therei n.

4. Co n cl usion s

Thro ugh com plementa ry inf orm atio n obta ined from positro n anni hi lati on
l i feti m e and Doppl er broadening m easurements as wel l as from the models of the
therm odyna m icsof vacanci es in di lute binary alloys we can state tha t f or Ni al loys
conta ining 1 at. % of Zn, Ge, Zr, In, Pb, Ti or Sb

¯ there is a di rect correl ati on between the Ùrst l if eti me component and the
pro duct of vacancy- impuri ty bindi ng energy and ato m ic radius of im puri t y
ato m ,

¯ the Doppl er bro adening m easurem ents conÙrm appl icabi l it y of the newl y
constructed m oderni sed version of Doppl er apparatus in the Ùeld of dem and-
ing experim ents wi th subtl e di ˜erences between the measured spectra,

¯ sti l l exi st some questi ons and doubts concerni ng the problem of the inter-
preta ti on of the l i feti m e spectra m easured for the m entio ned al loys, so the
pro blem, in whi ch wa y the positro n anni hi lates in these systems, needs to be
further studi ed,

¯ as a next step of our studi es i t wi l l be looked at the pure alloying elements.
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