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D opp l er- bro ad ening measuremen ts of the electron {p osi tron annihi l atio n
line in t went y six elements are presented . T he adopted coincidence techni que
allow s to reduce the background and point out the contribution of positron

annihi lati on w ith core electrons. The changes of the high momentum con-
tribution is presented for selected examples and a semiempiri cal analysis of
the dependence on electronic structure is perf ormed. Measured data are in
a good agreement w ith recent theoretical calculati ons and can b e used to

identi Ùcation of impuriti es surroundin g open volume defects.

PAC S numb ers: 71.60.+ z, 78.70.Bj

1. I n t rod uct io n

Positro n anni hi lati on techni ques (l i feti m e, Doppl er bro adening, angular cor-
relati on) present some uni que adv anta ges i f com pared to other sol id-state analysis
m etho ds. The positro n spectroscopy is nondestructi ve, di ˜erentl y tha n, for exam -
pl e, secondary- ion m assspectroscopy ; i t does not m odi fy the defects concentra ti on,
in contra st to the Rutherf ord backward scatteri ng in channel ing; i t al lows the depth
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pro Ùling down to a f ew m icrom eters whi ch is not possible di rectl y in X- ray tech-
ni ques; i t does not requi re special preparati on of sampl es, l ike an electron scanni ng
or tra nsmission m icroscopy.

Positro ns in jected into matter anni hi late in a short ti m e (less tha n 10À 8 s)
and al l the inf orm ati on on the anni hi lati on site is brought by two (or three) gam ma
quanta . In parti cul ar, the two -dim ensional angular correl ati on of the positro n-
-electron anni hi lati on radiati on (A CAR ) al lows to evidence Ùrst-pri nci ple aspects
of m etal monocrysta ls, l ike Ferm i surfaces[1]. On the other hand, positro n l i feti m es
in pure elements show characteri stic values, ranging from 105 for Ni to 220 ps for
Si [2 ]; rise of the l i feti m eindi cates presence of defects. The l i feti m esfor defects are
quanti Ùed, say 300 ps for bi -vacancies in Si, 321 ps for tri -vacanci es and so on [2].
Such a quanti zati on is not wel l establ ished for the thi rd techni que, i .e. the D oppl er
bro adening of the 511 keV anni hi lati on l ine. Onl y recentl y, i t pro ved possibl e to
quanti f y experim ental ly the typ e of defects in some sol ids, l ike Si-monocrysta ls
i rra diated wi th He+ ions [3].

The positro n defectoscopi es, at present, show also som e drawba cks: ACAR
gives a stra ightf orw ard inf orm atio n onl y for m onocrysta ls, the depth proÙling wi th
l i feti m e measurements requi res beam -bunchi ng techni ques [4], the Doppl er bro ad-
ening examines rather the sampl e \ m orpho logy " and does not give inf orm ati on
on the chemical nature of the anni hi lati on site. Im pro vi ng the chemical selecti vi ty
of the most versati le among positro n techni ques, i .e. Doppl er bro adening, woul d
open new pra cti cal appl icati ons at low cost. Onl y recentl y Ùrst works on im pro vi ng
chemical sensiti vi ty of the D oppl er bro adening ha ve been done [5{ 10].

2 . E x per i m en t a l

Pure meta ls and semiconducto rs were studi ed wi th a positro n anni hi lati on
D oppl er techni que, modiÙed in order to reduce the spuri ous backgrounds. In sol ids
positro n slows down to therm al energies in less tha n 1 0 À 1 3 s. In the anni hi lati on
pro cess, the m omentum of the electro n{ positro n pair, p , is tra nsferred to the pho-
to n pai r. The m omentum of therm al ized positro n is negl igible com pared to electron
m omentum. Theref ore, the di ˜erence between the m omentum of the photo n ori g-
inati ng from the anni hi lati on \ at rest" and from anni hi lati on of a pair possessing
non-zero m omentum bri ngs di rect inf orm ati on on electro n m omentum .

The longi tudi nal , i .e. in the di recti on of the photo n pro pagati on, com ponent
p L of m omentum p causes a D oppl er shift of the anni hi lati on l ine of 511 keV
energy. Thi s shift Â E i s rela ted to p L by an appro xi mate relati on Â E = p L c=2 .
Since num erous anni hi lati on events contri bute to the compl ete D oppl er spectrum ,
the 511 keV l ine is bro adened in both di recti ons. In defect- free meta ls positro ns
anni hi late pref erenti al ly wi th v alence electrons, i .e. wi th the low mom entum whi ch
does di ˜er much for di ˜erent chemical elements. T o study the anni hi lati on wi th
core electrons, the background m ust be reduced using a two- detecto r coincidence
system , as Ùrst proposed by Lynn and Goland [5], see Fi g. 1.
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Fig. 1. T ypical shap e of the typical annihi l atio n line. Let us note low ering of the back-

ground level using the coincidence technique.

In Fi g. 1 we use the \ exp erimenta l " abscissa scale | the value of the photo n
energy as read from detecto r. In next Ùgures we present a doubl e scale | the
\ exp erimenta l " one and, addi ti onal ly, wi th the electron m omentum pro jection p L .
The m omentum p L i s expressed in m 0 c uni ts thro ugh the relati on p L =m 0 c =

2 Â E =E , where c i s the l ight veloci ty and m 0 | electro n m ass. In som e Ùgures,
when tryi ng to correl ate the observed momentum to the mean theo reti cal m om enta
of electrons on a given ato m ic shell , we use ato mic uni ts instead, wi th 1 a.u. =
(1 =1 3 7 ) m 0 c (= mom entum of the electron in Bohr ' s atom ).

As the main detecto r we used a high puri ty Ge (HPG e) Canb erra detecto r
(16% e£ ciency) wi th a resoluti on of 1.3 keV at 511 keV and wi th 2 ñ s shaping
ti m e in the HPG e spectro scopy ampl iÙer. The auxi l iary detecto r suppl yi ng the
coincidence signal was an NaI(Tl ) scinti l lato r. D etecto rs were placed in col l inear
geometry wi th the Ge detecto r at a distance of 23 cm from the sam ple. D etecto rs
were shielded wi th lead in order to decrease the noise. W i th thi s set up, we get
a coinci dence count rate of about 140 counts / s in the 511 keV peak and a peak
to background rati o of 1 : 5 È 1 0 4 on the high energy side of the peak. A ri se of
the distance between detecto rs im pro ves the coinci dence detecti on but lowers the
counti ng rate. The coincidence spectra were ta ken unti l more tha n 1 È 1 0 7 counts
had accum ulated in the peak. Af ter every spectra was recorded, the energy scale
of the system wa s cal ibrated by ta ki ng the peak positi on of the 356.23 keV gam ma
l ine suppl ied by a smal l 1 3 3 Ba source in the single detecto r m ode. In these spectra,
each channel was 77.6 eV energy wi de.

As a secondary techni que we used positro n l i feti m em easurements. Thi s tech-
ni que was appl ied in order to check i f the sam ples were defect- free. In a l i feti m e
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spectrom eter the 1.28 MeV de-exci tati on photo n emi tted from 2 2 Na radioacti ve
source in about 3 ps after the positro n emission is used as a start signal and
the 511 keV annihi lati on photo n as the stop signal. The m easurements have been
carri ed out wi th a fast- fast coinci dence system [11] wi th Ha m amatsu R2083Q pho-
to m ulti pli ers and BaF 2 scinti l lato rs. The resoluti on of the apparatus was 160 ps
(FW HM). Mo re tha n 1 È 1 0 6 counts were accum ulated in every l i feti m e spectrum .

Both f or l i feti me and Doppl er broadeni ng measurements a 2 2 Na positro n
source was sandwi ched between two sim i lar sam ples. The 2 2 Na positro n sources
(10 ñ Ci for l i feti m e measurements and 15 ñ Ci for Doppl er-broadeni ng m easure-
m ents) prepa red by depositi on of 2 2 Na Cl were sandwi ched between two kapto n
foi ls 7 ñ m thi ck.

3. Sam p le pr ep ar at i on

Al l sam ples were obta ined from Goodf ellow, U K. Sil icon (100) m onocrys-
ta ls were obta ined from SGS, Ita ly. In as-received sam ples several typ es of tra ps
for positro ns can exi st: open volume defects from vacanci es to vacancy clusters,
di slocati ons. For thi s reason m easurem ents were done both on as-received and an-
nealed sam ples, and Doppler curves and l i feti mes com pared. Mo st of the sampl es
were annealed for three hours at about 5 È 1 0 À 7 mbar (anneal ing tem peratures are
given in Tabl e, colum n three) using a vacuum oven. Som e of the sam ples (Cr, Co,
Au) were annealed in two cycl es of three hours. Mo , Hf , and W were annealed at
hi gher temperature in vacuum by electron bombardment. The sam ples were left
to cool down f rom the anneal ing tem perature to room tem perature in the oven by
turni ng o˜ the heati ng. No rm al ly thi s procedure to ok m ore tha n twel ve hours.

4. D at a an al y sis

4.1. Li fetime

The l i feti me spectra were analyzed by PATFIT packet. The source com po-
nent (382 ps) vari es from 7% for B to 22% for Au. For defect- free materi als onl y
one component is present in the spectra and for these sam ples we give the charac-
teri sti c free positro n anni hi lati on l i feti m e in the bul k of the system § b , see T able.
For sampl esconta ining defects we have characteri zed our l i feti m espectrum by the
average li feti m e §m wi th an error of 1 ps. In the case of a pure element wi tho ut
defects § m equals § b. If open volum e defects are present, §m i s larger tha n §b . For
selected elements (Mo , Ag , Pb, Au) we present sing le components of the l i feti m e
spectra before and after anneal ing.
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TABL E

Measured lif etimes for selected elements. A tomic numb er Z , temp erature used for
anneali ng, average positron lif etime (error Ï 1 ps). First, second and the intensity
of the second lif etime comp onent for elements w hose average lif etime di˜ers from
the bulk lif etime. For elements presented in Fig. 10 (Mo, A g, Pb, A u) w e present

b oth lif etimes before annealing (low er row s) and af ter Ùnal annealin g (upp er row s).
I n the last column we present theoretical bulk lif etime from [17].

Z Ele- Purity Temp erature §m § c
1 §2 I T heory

ment [ C ] [ps] [ps] [ps ] [%] [17]

13 { 500 160 { { { 166

14 { { 220 { { { 221

22 T i 99.9 1100 145 { { { 146

23 V 99.7 1100 123 { { { 116

24 C r 99.5 83 44.8 101

25 Mn 99.5 { 121 17.7 103

26 Fe 99.99 110.7 8. 6 101

27 C o 99.95 99.6 11.7 97

28 99.98 1000 105 { { { 96

29 99.8 850 115 { { { 106

30 99.9 250 149 { { { 134

31 Ga 99.9 { { { {

40 Zr 99.8 1100 159 { { { 159

42 99.9 119 { { { 111

123 117.4 1. 0

47 A g 99.9 135 { { { 120

188 122.7 57.0

74 W 99.8 103 8. 6 100

78 Pt 99.5 1000 142 18.0 94

79 A u 99.99 119 3. 7 107

190 181 7. 9

82 Pb 99.5 250 206 { { { 187

210 210.3 1. 2

Elements in bold are single crystals: A l (111), Si (100), N i (111), C u (100),
Zn (00), Mo (100).
T emp erature of anneali ng | in bold samples w ith more than one annealing step.
Errors on are typically ps, apart from Au ( ps).

Errors on are %.
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4.2. Doppl er coinci dence

Vari ati ons of the D oppl er-broadening shape due to the core-electron mom en-
tum di stri buti on in di ˜erent elements are shown in Fi g. 2. Onl y the ri ght- hand
side of the peak shown in Fi g. 1 is used in our analysis. The low- energy part of the
spectra l ike in Fi g. 1 conta ins contri buti ons from the three- photo n decay of positro -
ni um ; thi s part is also inÛuenced by the e˜ect of the incom plete charge col lection
in the Ge detecto r. The high-energy part is inÛuenced only by the background
(co smic-ray and am bient stra y radiati on) contri buti on. The use of the coincidence
techni que lowers the background at largeD oppl er shifts | the curves are narro wer
tha n wi tho ut coinci dence, see Fi g. 1. Thi s al lows to evidence contri buti ons f rom
electrons wi th large m omentum values.

Fig. 2. H igh- energy part of the annihil ati on line for A l, T i, N b, Au and Si. 9-point,

mo vable smoothing and normalizatio n of the total numb er of counts were done on these

spectra.

The change in shape of the D oppl er broadened spectrum due to anni hi lati on
wi th core electrons is very smal l . To emphasize the di ˜erences between the di ˜erent
elements we have fol lowed the idea intro duced in [12] by constructi ng rati o curves,
i .e. every spectrum is di vi ded by a spectrum of a m ateri al chosen as reference.
The choice of the ref erence m ateri al is stra ightf orw ard in studi es of doping of pure
m ateri als. For exam ple Ka uppi nen et al . [7] used pure CdT e as reference curves to
evi dence vacanci es due to In, Cl and I (iodium ).

In the case of pure materi als, the choice is not so clear. For exampl e Al ata lo
et al. [8] used Si to evi dence defects in Fe, Cu and di ˜erences between di amond
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and graphi te. Szpala et al . [9] used defect- free Si to evi dence di ˜erences between
Ni , Cu, Sb and Ge. Baranowski et al . [10] used Ni sampl e as the reference for
thei r studi es of pure meta ls and al loys. A general -purp ose choice woul d be to use
an element wi th low contri buti on from high-m omenta electro ns, i.e. an element
wi th low atom ic numb er Z . On the other hand, a reference standard shoul d be
easy-to -handl e and, also, to be calculated by the theo ry . For the sake of theo ry,
Ghosh et al . [13] used Al as the ref erence. But we note tha t even som e recent
calculati ons in Al [14] disagree by a factor of about 20 at zero-mom entum al tho ugh
agree wi thi n the exp erim ental error bar for mom enta higher tha n 20m 0 c.

From Fi g. 2 we see tha t the Al curves l ie above the Si-one for all p L values
hi gher tha n 10m 0 c. It means tha t the contri buti on from high-m omenta electrons
is lower in Si tha n in Al , in spi te of the fact tha t Si conta ins one 3 p electron m ore
tha n Al . Thi s is, qual i ta ti vely, probably due to a \ looser" latti ce structure in Si
(l atti ce constant a = 5 : 4 3 ¡A) com pared to Al (a = 4 : 0 5 ¡A), reÛected also in a
longer positro n l i feti m e, see T able.

A constant background calcul ated as the avera ge of the counts in one hun-
dred channels from 607 to 615 keV was subtra cted in every spectrum . Then a
source correcti on was appl ied. It was obta ined by measurements on tw o thi ck kap-
to n sam ples f orm ed by com pacti ng several kapto n foi ls, each 125 ñ m thi ck. The
D oppl er spectrum of kapto n was subtra cted from al l measured spectra wi th a per-
centage dependent on the sampl e and equal to tha t used in the evaluati on of the
average l i feti m e reported in T able. W i tho ut thi s correcti on errors up to { 15% in
the height of the peaks of the rati o curves can be made in the heavi er elements.
Al so the relati ve height of the peaks, where m ore tha n one peak is present, change.
Fi nal ly a smoothi ng, spline routi ne on 9 points was appl ied to the corrected data
and the spectra were norm al ized to a to ta l area of 1 È 1 0 6 from 511 to 530 keV
(p L from 0 to 7 4 : 3 È 1 0 À 3 m 0 c ). These corrected and norm al ized spectra were used
to make the rati o wi th a ref erence spectrum of a suita ble element.

T o m ini mi ze the noise on the rati o curves, parti cul ar care was ta ken to pre-
pare the reference curve. The ref erence curve was obta ined from Czochra lski -ty pe,
p -doped (100) sil icon, wi th 5 ¨ cm resistivi ty and 5 È 1 0 À 1 7 cm 3 oxygen contents.
Thi s curve has been smoothed by a m ovi ng 9-point spl ine avera ging in the range
from 511 keV to 518 keV; above 518 keV i t has been Ùrst smoothed and then
appro xi m ated by an exp onenti al form ula.

The analyti cal Ùt procedure reduces the noise in the hi gh-momentum part
of spectrum for the ref erence sampl e. On the other hand, the 9-point avera ging
in pri nci ple does not reduce the casual spread of data in the \ measured" sampl e.
Theref ore, because of low counti ng rate at hi gh m om enta , we do not show the
rati o curves above 5 0 È 1 0 À 3 m 0 c | where the expected experim enta l error in the
rati o is of the same order of m agni tude as the signal .

R ati o curves for the same elements (we have chosen Ni and Au) obta ined by
usi ng di ˜erent reference (Al or Si ) are shown in Fi g. 3. Both reference elements
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Fig. 3. Comparison of ratio curves using as a reference element A l and Si.

give sim ilar curves; however the m axi ma are hi gher in the case of Si, for reasons
expl ained above. As a consequence, also positi on of the maxi ma in the rati o curves
depends on the choice of the reference materi al , see Fi g. 3.

5. R esul t s

5.1. Li fetime dat a

Li f eti me values for pure metals were m easured in num erous wo rks [15, 16],
theref ore we do not perform a deta i led analysis and in T able we present the mea-
sured values only for elements whi ch are signi Ùcant for further discussion. Gener-
al ly, our l i feti me data agree well wi th acknowl edged theo reti cal values [2, 17]. In
parti cul ar in Al and Si our values (155 and 220 ps) coinci de wi th the exp erimenta l
uncerta inty wi th the recent theory [2]. In Cr and Fe we have som e more serious
di screpancy: the intensi ti es of the second l i feti me component are about 10% indi -
cati ng tha t not al l defects have been rem oved and/ or som e impuri ties are present.
As far as in Cr the annealing pro cess has reduced the second com ponent inten-
sity by a factor of 4, in Fe the second component rem ained alm ost the same af ter
anneal ing. W e hyp othesi ze som e im puri ti es for the latter m etal . In Ga (m elti ng
tem perature 2 9 : 8 £ C) some therm al vacanci esare for sure present | our measured
l i feti m e is 237 ps, cl oser to 260 ps measured in a l iqui d phase [18] tha n to 190 ps
reported for the sol id phase [16].

5.2. Coinci dence spect ra

In Ùgures f rom 4 to 8 we present Si-rel ated curves for 26 elements presentl y
studi ed. It can be seen especial ly well for f ourth- peri od m etals (Fi gs. 5, 6) tha t
the height of the peaks in the rati o curves ri ses wi th the ri se of the num ber of
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d -electro ns. However, thi s ri sing order is not perf ect. For Cr the peak should be
pro babl y higher in a non-defected sam ple (our l i feti m e analysis shows presence of
40% of a long com ponent). On the other hand, Mn and Fe show a \ correct" order,
al tho ugh both of them are defected. The highest peak is seen in (111)-ori ented
defect- free Ni monocrysta l (wi th eight d -electrons). Next elements in the 4th pe-
ri od, wi th ten d electro ns, Cu (4 s 1 3 d 1 0 ) and Zn (4 s 2 3 d 1 0 ) show som ewhat sim i lar,
bro ad curves; the peak height in Cu is the sam e as in Ni but in Zn m uch lower.

Fig. 4. Doppler broadening coincidence ratio curves (ratio to Si) for speciÙc

Mendeleyev- p eri od elements ((a) Be, B, C | second- perio d elements ; (b) Mg, A l |

third- peri od elements).

Fig. 5. Doppler broadening coincidence ratio curves (ratio to Si) for speciÙc

Mendeleyev- p eri od elements (T i, V , Cr, Mn, Fe, C o, N i, C u | fourth- perio d elements).
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Fig. 6. Doppler broadening coincidence ratio curves (ratio to Si) for speciÙc

Mendeleyev- p eri od elements (C u, Zn, Ga, Ge | fourth- p erio d elements).

Fig. 7. Doppler broadening coincidence ratio curves (ratio to Si) for speciÙc

Mendeleyev- p eri od elements (Zr, N b, Mo, A g, Sn | Ùfth- perio d elements).

A long-range aim of the present m easurements wo uld be to settl e charac-
teri sti c f eatures of spectra for each element. It seems from Fi g. 4 to Fi g. 8 tha t
each chemical element can be wel l disti nguished tha nks to the positi on, am pl i tude
and shape of the peaks in the rati o curves. Ho wever, exact predi cti ons of the rati o
curves requi re com plex, Ùrst- pri nci ple theo reti cal analysis [8, 13] ta ki ng into ac-
count electro nic m ean m omenta and the probabi l i ti es of positro n anni hi lati on wi th
electrons of separate orbi ta ls | the overl ap of the wa ve functi on of the anni hi lat-
ing positro n wi th electroni c wa ve functi ons and shielding e˜ects of inner electrons
by \ outerm ost" ones. Theref ore, below we try some qual i ta ti ve-lik e analysis, onl y.

The am pl itudes of peaks seem to reÛect the growi ng anni hi lati on wi th hi gh-
-mom entum , i .e. d -electro ns. Theref ore, one expects tha t the peaks ri se wi th the
Ùll ing-up of the d -orbi ta ls for the elements belonging to the sam e period of the
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Fig. 8. Doppler broadening coincidence ratio curves (ratio to Si) for speciÙc

Mendeleyev- p eri od elements (H f, W, Pt, A u, Pb | sixth- peri od elements).

Mendel eyev tabl e. Thi s feature is observed in the main pi cture resulti ng from our
Fi gs. 4{ 8, compare for exampl e the Mn (3d 5 ) and Fe (3 d 6 ) pa i r in Fi gs. 5, 6 or Hf
(5d 2 ), W (5d 4 ), Pt (5d 9 ), Au (5d 1 0 ) series in Fi g. 8.

On the other hand, the height of the peak reÛects also the probabi l i ty of
the anni hi lati on wi th the \ outerm ost" electrons. Thi s seems to be the case of Zn
wi th the m aximum of the rati o curve slightl y lower tha n Cu: the Zn ato m has the
4 s orbi tal , the \ outerm ost" one, Ùlled com pletely, whi ch causes the probabi l i ty of
anni hi lati on wi th 3 d electrons to be lower tha n in Cu (wi th onl y one 4 s electron).
A simi lar behavi or can be noti ced for 5 £ and 6 £ period m etals: the peak f or Ag
(5s 1 ) is higher tha n the peak for Sn (5 s 2 p 2 ); the peak for Au (6 s 1 ) is hi gher tha n
the peak for Pb (6 s 2 p 2 ), see Fi gs. 7 and 8, respect ivel y.

Co mparing selected elements belonging to the sam e groups of the period
ta bl e, l ike the VI group (Cr, Mo , W ), see Fi g. 9a, one notes an alm ost the same
shape of the (Ùrst) peak and a growi ng \ shoulder" in Mo , passing to another

Fig. 9. C omparison of ratio curves Doppler broadening spectra for the: (a) Cr, Mo W,

(b) Cu, A g, A u.
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di stinct peak for W . Som ewhat sim i lar behavi or can be observed for the I- b group
(Cu, Ag , Au): the Ùrst peak in Au and Ag is identi cal and Au devel ops a second
peak at about 3 0 È 1 0 À 3 m 0 c (Fi g. 9b). Copper shows a very bro ad curve l ike, on
the other hand, predi cted by the theo ry [13].

W e note tha t the rati o curves show a strong dependence on presence of
positro n tra ps, see Fi g. 10. In thi s Ùgure we compare sampl es of Ag , Au, Mo
and Pb as-received and after anneal ing. For al l cases the rati o curves ri se in thei r
m axi m a after anneal ing, wi th the biggest di ˜erence in the case of Ag (ri se by 20%
of the Ùrst peak) and Au (ri se in both peaks by alm ost 50%). W e note tha t such
a rise is accompanied by the fal l of the mean l i feti m e, see Table.

Fig. 10. Ratio of the Doppler broadening spectra with Si spectrum b efore and af ter

anneali ng for (a) A g, A u, (b) Mo, Pb.

Fig. 11. C omparison betw een theoretical (f rom [13]) and experimental ratio curves for

(a) C u, A g, Au, (b) Mo, W. Let us note a normalizati on to A l, due to lack of literature

data for normali zatio n to Si.
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Co mparison between our exp erimenta l and the theo reti cal [13] curves is
shown for Mo , Ag , and Cu in Fi g. 11. One notes a good agreement of the gen-
era l shape. For l ight elements, l ike Mo (and also Fe, Zn, Au, Pb, W , and Ni , not
shown for clari ty reasons), the agreement between the experim ent and the theory
is very good also for absolute values of the rati o curves. For 5th period elements
our curves are general ly lower tha n the theory , both in the Ùrst and the second
peak. A bi g discrepancy is observed also in absolute values for Cu [13]; we are not
aware of a reason for thi s.

Some of these discrepanci es can be caused by a slightl y di ˜erent energy reso-
luti on of the present data (1.3 keV) com pared to the resoluti on (1.5 keV FW HM)
assumed in the theoreti cal analysis. W e note tha t the theo ry predi cts tha t the
overal l shape and the positi on of the rati o peaks do not change much wi th the
detecto r resoluti on but the height of these peaks changes in parti cular i f choosing
Al as the ref erence sam ple [19].

6. Sem iem pir ical an al ys is

Al ready in the pioneer work [20] num erous tri als of Ùtti ng procedures in
order to describe the shape of the rati o curves were presented. Myl er and Sim pson
[20] used three overl appi ng Gaussian curves for appro xi mati ng the Si-based rati o
curves for elements f rom Z = 2 7 to 30. We show such a tri al for present data for
ato m s from Z = 2 2 to 30 in Fi g. 12; for space reasons only m ost signi Ùcant Ùgures
are shown. In Ti (Z = 2 2 ) essential ly onl y one Gaussian curve is needed, wi th
onl y a li ttl e addi ti on of a bro ad peak centered at about 3 0 m 0 c. In Cr (Z = 2 4 ) the
second Gaussian is needed in order to reproduce the ri ght- hand shoul der of the
peak. In Fe, Co, Ni three Gaussians wi th di mini shing ampl itudes are vi sible, see
Fi g. 12. In Cu, compared to Ni the am pl i tude of the Ùrst peak (at 13.8m 0 c ) rem ains
alm ost the sam e (5.0 in Ni and 4.8 in Cu, in arbi tra ry uni ts) but the am pl i tude of
the second peak at about 2 0 m 0 c ri sesfrom 6.4 in Ni to 8.4 in Cu. Param eters of the
three- com ponent Gaussian Ùt (the peak positi ons and ampl itudes) are com pared
in Fi gs. 13a and b.

The weak point of the analysis wi th three Gaussian com ponents is tha t,
al tho ugh describi ng well the curves, it requi res as many as 9 Ùtti ng param eters.
These parameters change wi th Z wi th some system ati c m anner but we cannot
attri bute to them a signi Ùcant physi cal m eaning.

As an addi ti onal test, we used a simpl iÙed metho d, Ùtti ng curves wi th
exp onenti al ly-m odiÙed Gaussian peak f uncti on. These curves requi re onl y 4 pa-
ram eters. As seen f rom Fi g. 14 for Ti , V, Cr, Fe, Cu, and Ni , the agreem ent wi th
the overa l l shape of curves is accepta ble for l ighter elements, wi th som e discrep-
anci es at hi gher p L and is qui te good for Fe, Ni and Cu. The chi -square values are
below 0.01 for al l the 9 elements consi dered.
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Fig. 12. Fitting of ratio curves with three Gaussians (dotted lines) for selected 4th pe-

rio d elements. Let us note a good agreement of their sums (b old lines) w ith experimental

data. Let us note that amplitude s w ere normalized to 1. 0.

For 5th and 6th period elements thi s sim ple Ùt does not work: addi ti on of a
second (non-m odiÙed) Gaussian is needed, see Fi g. 14 for W and Pb. In the case
of W thi s second peak is of almost the sam e ampli tude as the Ùrst one; in the case
of Pb the second peak is very weak, am ounting to merely 20% of the Ùrst one.

In Fi g. 15 we present a plot of the dependence of the peak positi on vs.
Z . One notes a simpl e, l inear dependence f or Z = 2 2 { 30. In the sam e Ùgure we
compare the peak positi ons (in ato mic uni ts) wi th the m ean values of momenta of
3 d electrons from Rootha n{ Ha rtree{ Fock m odel [21]. Our data are only som ewhat
lower tha n the theo reti cal values, wi th the di ˜erence ri sing wi th the num ber of d

electrons. W e note tha t f or spheri cal orbi ts the pro jection p L of m omentum vecto r
p on the observati on axi s is p L = 4 p= ¤ 2 = 0 :4 p . For d orbi ta ls thi s pro jection can be
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Fig. 13. Parameters of three Gaussian- curves used for Ùtting 4th perio d elements spec-

tra, seealso Fig. 12. (a) C entroid of Gaussian curves, (b) amplitude of Gaussian peaks.

hi gher tha n for spheri cal orbi ts, however always lower tha n p. Let us addi ti onal ly
note tha t the theo reti cal values reported are for free ato m s and do not ta ke into
account the ori enta ti on of d orbi ta ls in the sol id state, inÛuencing our measured
values, in parti cul ar for m onocrysta ls. Apa rt from these considerati ons, the present
analysis repro duces quali ta ti vely the general trends predi cted by the Ha rtree{ Fock
m odel [21].

Unf ortuna tel y, in the subsequent theoreti cal work [22] for heavy elements
(Z = 5 5 À 92) no values of mean m omenta for sing le orbi ta ls were given. Theref ore
we can m ake a com pari son only for Mo (Z = 4 2 ) and Ag (Z = 4 7 ). In the case
of these two ato m s we can disti ngui sh two peaks (rel ati ve Ùgures are not shown).
The Ùrst one is pl aced at 1.32 a.u. for Mo and 1.45 a.u. for Ag and bro ad second
one placed at 1.46 a.u. and at 3.71 a.u. for Mo and Ag, respectivel y. Compari ng
wi th calcul ated values of orbi ta l momenta [21] we can suggest tha t the Ùrst peak
ori ginates from 4 d (1 .92 a.u. for Mo and 2.94 a.u. for Ag) orbi ta l and second one
from 4 p (2 .5 a.u. ) for Mo and from 5 s (6 .5 a.u.) for Ag . The lower v alues measured
by us are in agreement wi th previ ous considerati ons.

It seems tha t in the heavi er elements, l ike Ag and Au pai r, see Fi g. 9b, the
Ùrst peak rem ains due to anni hi lati on wi th the outerm ost orbi ta l (4 d f or Ag and 5 d

for Au) and the second peak is due to mom entum of \ inner" À 4 d for Au electrons.
Thi s simpl iÙed analysis does not ta ke into account mom enta of other exter-

na l orbi ta ls. For Sn we observe onl y a low peak centered at about 1.8 a.u. and
bro adened to wards higher momenta , see Fi g. 7. Thi s peak could corresp ond to
the \ outerm ost" 4 d electrons tha t have the m ean momentum of 3.65 a.u. [21].
W e note tha t i t agrees qual i ta ti vely wi th the rati o about 1/ 2 between our mea-
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Fig. 14. Fitting of ratio curves with exponentiall y- modiÙed Gaussian peak function.

Let us note that amplitudes for elements from T i to C u w ere normalized to 1.0.

sured p L and the mean theoreti cal mom entum (see Fi g. 15). At hi gher p L in Sn
we cannot distinguish any clear structure outsi de our experim ental uncerta inty .
W e recal l tha t 5 s electrons have the m ean m omentum of 0.9 a.u., 5 p electro ns |
0.88 a.u. and 3 d electrons | 10.6 a.u. Let us note tha t at low p L the Sn curve
exceeds tha t in Si (the rati o slightl y above 1.0).
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Fig. 15. Position of center of peak exponentiall y- modiÙed Gaussian function as func-

tion of Z . T heoretical values, mean values of momentum p f rom Roothan{H artree{ Fock

calculati ons [21] .

7. Co n cl u d i ng r em ar ks

The D oppl er coincidence pro ves to be chemical ly sensiti ve. In parti cul ar,
for the 4th period tra nsiti on-group elements, the rati o curves related to Si al low
to relate the positi on of peaks to theo reti cal m ean m omenta of electro ns on the
outerm ost, d -orbi ta ls. The positi on of the Ùrst peak seems to be characteri sti c of
the periodic-ta ble group, i .e. for Ag is the same as for Au. Ob vi ously, thi s simpl iÙed
analysis shows num erous excepti ons.

The heights of the rati o peaks, on the other hand, are very sensiti ve to de-
fects in sampl es.As conÙrm ed by l i feti m e m easurements, onl y defect- free sampl es
show high peaks, close to theo reti cal [13] values. Exa m ples of Au, Hf , W show
tha t al ready short annealing ti mes bri ng the m easured l i feti m es to the theoreti cal
values. The rati o peaks, on the other hand, conti nue to ri se wi th f urther, longer
and hi gher- tem perature anneal ing. As shown by a recent wo rk [10] the D oppl er
coincidence techni que can be also successful ly used for al loys.
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