
PHYSICAL REVIEW B 1 DECEMBER 1997-IIVOLUME 56, NUMBER 22
ARTICLES

Survey of elemental specificity in positron annihilation peak shapes

U. Myler* and P. J. Simpson
Department of Physics and Astronomy, The University of Western Ontario, London, Ontario, Canada N6A 3K7

~Received 14 April 1997!

Recently the detailed interpretation of positron-annihilationg-ray peak shapes has proven to be of interest
with respect to their chemical specificity. In this contribution, we show highly resolved spectra for a number of
different elements. To this purpose, annihilation spectra with strongly reduced background intensities were
recorded in the two detector geometry, using a variable-energy positron beam. Division of the subsequently
normalized spectra by a standard spectrum~in our case the spectrum of pure silicon! yields quotient spectra,
which display features characteristic of the sample material. First we ascertain that the specific spectrum of an
element is conserved in different chemical compounds, demonstrated here by identical oxygen spectra obtained
from both SiO2 /Si and MgO/Mg. Second, we show highly resolved spectra for a number of different elements
~Fe . . . Zn, Ag, Ir . . . Au!. We show that the characteristic features in these spectra vary in a systematic fashion
with the atomic number of the element and can be tentatively identified with particular orbitals. Finally, for 26
different elements we compare the maximum intensity in the quotient spectra with the relative atomic density
in the corresponding element. To our knowledge, this is the most comprehensive survey of such data made to
date.@S0163-1829~97!03346-8#
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I. INTRODUCTION

Positron-annihilation spectroscopy has matured into
powerful and versatile tool in materials analysis.1–3 Gener-
ally, positrons are implanted into a material sample, wh
they thermalize very rapidly before they annihilate with
electron provided by a sample atom. The majority of ann
lation events generate twog quanta with energies of abou
511 keV, emitted into close to opposite directions. T
electron involved in the annihilation can either be a relativ
free valence electron, or, depending on the sample mater
more or less strongly bound core electron. Since not o
the total energy, but also the total momentum of t
positron-electron pair must be conserved in the annihila
process, the resultingg peak exhibits Doppler broadening
However, the momentum contribution of the thermaliz
positrons is negligible compared to the momenta of
electrons. Therefore the width and shape of the annihila
peak are independent of the positron source and
positron implantation process, and are dependent only
the electronic environment in which the positrons annihila
i.e., the physical and chemical structure of the sample m
rial.

Consequently, one way to probe materials with positro
is based on the measurement of the width of the annihila
g-ray peak. This approach is frequently applied
connection with a positron beam facility, which makes
possible to irradiate the samples with a collimated beam
monoenergetic positrons. Since the implantation depth
determined by the positron energy, depth resolved meas
ments are possible. In the most common experime
setups, only one of the two annihilation quanta is measu
with a Ge detector, resulting typically in a spectrum
560163-1829/97/56~22!/14303~7!/$10.00
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shown in Fig. 1~a!. In the subsequent data analysis, t
spectrum is parametrized by a single number, most
quently the ‘‘sharpness’’ parameterS, which is defined as
the ratio of the counts in a central region of the pe
~e.g., from 510.3 to 511.7 keV! to the total number of counts
in the peak.1 Since the central peak region is predominan
composed of annihilation events with low-momentu
electrons ~i.e., valence electrons, in contrast to co
electrons, which are characterized by high momen!
changes of theS parameter reflect changes in the relati
contributions of valence vs core electrons. For example
the case that a positron is trapped by a vacancy, the rela
contribution of valence electron annihilations will be in
creased as compared to the defect-free material, giving
to an increase ofS.

The determination ofS as a function of positron energ
and especially the analysis of the changes of th
S(Epositron) curves in response to a variety of sample tre
ments ~e.g., thermal and mechanical! continues to supply
new and interesting insights into material structures. Ho
ever, the information contained in the annihilationg-ray
spectra is by no means fully utilized when only theS param-
eter is extracted. Rather, a detailed analysis of the annih
tion peak shows that the intensity as a function ofg energy is
slightly different for materials of different chemical compo
sition, since the spectrum is a ‘‘sampling’’ of the electro
momentum distribution. In the region of the peak made
cessible by the two detector technique, annihilations w
core electrons account for the majority of events, and the
fore the characteristic core electron structure with its diff
ences in orbital occupation as well as electron binding a
kinetic energies gives rise to a slightly different peak sha
for every single element. Detailed analysis of annihilati
14 303 © 1997 The American Physical Society
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14 304 56U. MYLER AND P. J. SIMPSON
peak shapes has only recently regained attention4–8 after its
initial introduction about 20 years ago.9–12

A major problem when trying to analyze the flanks of
single detector annihilation spectra is the poor peak to bac
ground ratio of roughly 250@compare Fig. 1~a!#. The back-
ground on the high-energy side of the peak has sever
causes. In the case of using22Na as a positron source, ag
quantum with an energy of 1.275 MeV is emitted togethe
with the positron. Some of these quanta, after several sca
tering processes, may enter the detector, giving rise to
background that is practically flat in the 511 keV region we
are interested in. Also, at higher count rates, pulse pileu
contributes to the background. Another common source
high- and low-energy background, of course, is cosmic ra
diation. On the low-energy flank of the peak, scattering o
the annihilation quanta and incomplete charge collection i
the detector causes an intense additional background comp
nent. In order to get accurate information about high-energ
core electrons, the energy range in which the annihilatio
peak can be analyzed has to be extended.

This is possible by using the two detector geometry a
described by Lynn and Goland.9 Here, another detector is
added collinearly with the first at the opposite side of the
sample. Only those events of the first detector that are a
companied by a coincidence count in the second detector a
accepted. Since in this setup the signal from the second d
tector is not used for a precise energy determination, but on
to decide if a secondg quantum was emitted at the same

FIG. 1. Positron-electron annihilation peak in silicon~a! as re-
corded with a Ge detector only, and~b! measured with the same
detector, but in coincidence with signals from NaI scintillation de
tector on the opposite side of the sample. Positron energy: 40 ke
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time into roughly the opposite direction~and therefore the
event is most likely a real annihilation event!, the energy
resolution of the second detector does not influence the
ergy resolution of the spectrum. Therefore a NaI~Tl! scintil-
lation detector may be used. Figure 1~b! shows a spectrum
obtained with this configuration. Clearly, on the high-ener
side the background is reduced by a factor of about 200
530 keV. The reduction on the low-energy side is not
dramatic, because the effects of scattering, incomp
charge collection, and 3-g positronium decay cannot be rem
edied by the second detector. Therefore, in the following
are analyzing only the high-energy flank. With this setup,
obtain a peak to background ratio of almost 105.

II. EXPERIMENTAL

Measurements were carried out using the variable-ene
positron beam facility at the University of Wester
Ontario.13 Briefly, positrons emitted from a22Na source of
~currently! 68 mCi are moderated to energies of about 3
and electrostatically accelerated to a preselected energy
tween 500 eV and 60 keV, while guided onto the sample
an axial magnetic field. With the vacuum system usually
being baked, the measurements are performed at a pre
of about 1027 Torr.

The main detector is a 210 cm3 HP Ge detector with a
resolution of about 1.3 keV at 511 keV. The auxiliary dete
tor supplying the coincidence signals is a cylindrical 59359
NaI~Tl! scintillator crystal attached to a photo multiplier. Th
two detectors face each other at right angles to the direc
of the incident positron beam. During the measurement,
sample surface normal is tilted about 10° towards the
detector, so that the annihilationg quanta that are to be ana
lyzed in the Ge detector do not suffer unnecessary absorp
in the sample material. The data show that even in the c
cidence mode the background count rate can be significa
reduced by thoroughly shielding both detectors with le
resulting in a peak to background ratio of almost 105, some-
what higher than other published results obtained with
scintillation counter as the auxiliary detector,4,5 although our
count rate is rather low.

In the configuration described above, we get a coin
dence count rate of about 120/sec. The coincidence spe
were usually taken until about 107 counts had accumulated i
the peak, which required about 24 h.

After a spectrum had been recorded, the energy scal
the system was calibrated by taking the position of the 6
keV g line supplied by a small137Cs source in the single
detector mode. Using the positions of the 511 and 662 k
peaks, the multichannel analyzer channels were conve
into keV. In these spectra, each channel was about~but not
exactly! 0.1 keV wide. In order to get comparable spectra
further analysis, these raw spectra were used to interpo
values with exactly 0.1 keV steps. Usually, a simple smoo
ing routine ~averaging overn channels, withn increasing
from 9 to 21 between 511 and 530 keV! was applied and
finally the spectra were normalized to 105 counts in the 511.0
keV channel.

-
V.
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56 14 305SURVEY OF ELEMENTAL SPECIFICITY IN POSITRON . . .
Figure 2 shows the results of this procedure for four ele
ments with very different peak shapes: silicon, arsenic, gol
and copper. However, it is apparent that this method of d
piction is not ideally suited for displaying the differences
between the elements, or, even more so, to use them
quantitative evaluations. A way to overcome this drawbac
is the calculation of quotient spectra.5 This is done by divid-
ing the number of counts in each channel of the smoothe
and normalized spectra by the number of counts in the co
responding channel of a ‘‘standard spectrum.’’ Rather tha
using a synthetic function~e.g., a sum of gaussian and para
bolic peaks!, we found it advantageous to take the spectrum
of a real sample as the standard. In this way, slight chang
in the experimental setup~e.g., different distances or shield-
ing geometries, which are possible since we use the tw
detector geometry only intermittently, and which mainly
cause changes in the background level! can easily be ac-
counted for experimentally by taking a new spectrum of th
standard sample, thus getting ‘‘quotient spectra’’ that can b
compared universally.

As a material which is readily available with high purity
and single crystalline structure, we arbitrarily chose the spe
trum of a virgin silicon~100! wafer ~Czochralski type, phos-
phorus doped, resistivity 1–1.7V cm! as the standard. Inci-
dentally, we found that~at least for virgin Si!, the dopant
type and concentration has no perceptible effect on the pe
shape. Care was taken to always orient the Si referen
sample with the~001! axis toward the Ge detector. However,
we expect the differences due to different crystallograph

FIG. 2. High-energy half of annihilation peak after smoothing
and normalization for samples of pure silicon, arsenic, gold, an
copper. Positron energy: 40 keV.
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orientations to be small in the energy range we are intere
in. The choice of a different reference material would,
course, yield different quotient curves.

For the different elements under investigation single cr
talline samples were used where available~Fe, Co, Ni, Zn,
and Ir!. Samples of Cu, Ag, Pt, and Au were polycrystallin
sheets. Before taking the spectrum, the Cu sample was
nealed at 900 °C for one hour; Ag, Pt, and Au foils we
used as received. Vacancy-type defects in the samples
reduce the fraction of core annihilations and thereby red
the peak heights in the quotient spectra~see below!. The
magnitude of this effect may be of the order of 10%. Ho
ever, the peak shapes and therefore the trends discusse
low should not be affected significantly.

III. RESULTS

First we address the elemental specificity of quotie
spectra, using oxygen as a test case. We have previo
reported quotient spectra from a virgin Si standard sam
for a range of positron energies and derived the oxygen c
tribution from the limiting case of very low positron energie
(Epos,1 keV!, for which virtually all positrons annihilate
within the native surface oxide layer.6 We found a peak at
514.2 keV with a high-energy shoulder to be characteris
for the oxygen. In order to support the interpretation that t
spectrum is actually the ‘‘fingerprint’’ of oxygen, we now
report spectra of crystalline quartz (SiO2), magnesium, and
crystalline magnesium oxide.

Figure 3 shows the resulting quotient spectra SiO2 /Si and
MgO/Mg. Except for a difference in the maximum intensit
which is higher for the MgO/Mg curve by a factor of abo
1.7, the general shape of the two quotient spectra is ident
and also reproduces the results attributed in Ref. 6 to
oxygen within the silicon surface oxide layer. We can the
fore assume that these spectra, with a peak at 514.2 ke
the predominant feature, are indeed due to oxygen. T
seems plausible, too, since the core electrons, which
mostly responsible for these spectra, are likely to be un
fected by different chemical environments of the oxygen
oms. The difference in intensities, on the other hand, can
tentatively attributed to a difference in the charge state of
oxygen: MgO is an ionic crystal, where the oxygen is pres
in the form of O22 ions, while in the SiO2 the bonding is
covalent, with only a partial negative charge on the oxyg
due to the difference in electronegativity between oxyg
and silicon. Therefore, in the MgO crystal, the positrons
more strongly attracted to the oxygen atoms than in
quartz and thus annihilate more frequently in the vicinity
oxygen, with the result that the oxygen-related signal
stronger in the spectrum of MgO, in contrast to what wou
be expected considering merely the stoichiometries.

We take this result as a further support for the previou
reported conclusion, that elementally specific spectral f
tures are conserved regardless of the elemental and struc
environment~see, e.g., Ref. 6, where we show the similar
of spectra obtained from bulk samples and from silicon c
taining the same element as an impurity!. We cannot actually
prove, however, that this should be true for every materi

Assuming elemental specificity of the quotient spectra
makes sense to conduct a systematic survey of characte
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14 306 56U. MYLER AND P. J. SIMPSON
spectra throughout the periodic table. A few quotient spec
have already been published,5–8 and differences between el-
ements are readily visible. However, Szpalaet al.5 report
that the quotient curves for Ni and Cu are identical at lea
within the energy range of their investigation~511–520
keV!.

Therefore, among many other elements, we have m
sured well-resolved spectra for a number of transition meta
Fe, Co, Ni, Cu, and Zn as examples of 3d metals, Ag as a 4d
metal, and Ir, Pt, and Au in the 5th period of the period
table.

Concentrating first on the 3d metals Fe . . . Zn, Fig. 4
shows that there are in fact distinct systematic differences
the quotient spectra~contrary to Ref. 5!. For clearer compari-
son, we have normalized the quotient curves to a value o
in the maximum; the maxima in the quotient curves as me
sured are 3.9~Fe!, 5.1 ~Co!, 7.8 ~Ni!, 7.75 ~Cu!, and 4.9
~Zn!; compare Fig. 7.

As a simple method to parametrize these results, we f
ther subtract the constant reference value of 1, and fit
spectra with 3 gaussians, see Figs. 5~a!–5~e!. For all spectra
the sum of the three gaussians is practically indistinguisha
from the measured data except for energies above 520 k
where due to the lowest count rates the measured cur
exhibit the biggest statistical scatter. In Fig. 6 we show~a!
the energies, and~b! the relative intensities of the 3 gaussia
componentsG1 . . . G3 (G1 being the narrow low energy,G2
the medium energy, andG3 the broad high-energy compo-

FIG. 3. Comparison of quotient spectra SiO2 /Si and MgO/Mg.
All four original spectra are taken with a positron energy of 40 ke
from bulk samples of the indicated material.
ra

t

a-
s:

in

2
-

r-
ll

le
V,
es

nents in the fits!. Clearly, all displayed values change mono
tonically with increasing atomic numberZ. The increased
variations in the center position of theG3 gaussians are ex-
plicable by the fact that this gaussian is much broader tha
the others and also represents the parts of the spectra with
lowest count rate and therefore the biggest relative errors.

Figure 5 also shows the normalized quotient curves fo
the other metals mentioned. While Ag exhibits the same ge
eral shape as the 3d metals, the spectra for Ir, Pt, and Au
look quite different, but similar to each other.

Finally, in Fig. 7 we display the maximum intensities in
the quotient spectra as a function of atomic numberZ. We
also show the relative number of atoms per cm3. This curve
was obtained by calculating the number of atoms per cm3

from the atomic weight and density of each element, an
dividing these by the value for silicon. Surprisingly, it obvi-
ously describes the effective electron density responsible f
shallow core-level annihilation processes, which are th
main source of counts in the energy range of our quotie
curves.

IV. DISCUSSION

In this contribution, we take an entirely phenomenologica
approach to positron-annihilation line shape analysis by sim
ply showing experimental results. We hope to fulfil two
goals:~i! to provide spectra for a broad range of elements, t
be used as a test of theory, and~ii ! to obtain a measure of the

FIG. 4. Quotient spectra for the 3d metals Fe, Co, Ni, Cu, and
Zn, divided by the standard Si spectrum, normalized to a maximu
value of 2, and for clarity shifted by 0.1 each. Again, all spectra ar
taken withEpos540 keV.



n

al-
r-
ctra

-
le
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FIG. 5. Quotient spectra for the transitio
metals Fe . . . Zn, Ag, and Ir . . . Au, alldivided
by the standard Si spectrum. Here, after norm
ization to 2 in the maximum, the constant refe
ence value 1 has been subtracted. The spe
were then fitted with 3~Ir . . . Pt: 4! Gaussians
~thin lines!. Their sums, shown as the bold con
tinuous lines, are practically indistinguishab
from the corresponding measured spectra.
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precision and repeatability of experiments by comparis
with other published data, because it is difficult to meanin
fully evaluate discrepancies between theory and experim
without a measure of the precision of the experimental wo
We note that although our spectra for Ni and Cu are sim
to those reported in Ref. 5, they are not identical. Variatio
between spectra obtained in different laboratories may
due to either differences in sample quality or in experimen
conditions.

It is apparent from Refs. 4, 5, and 7 that agreement
tween theory and experiment is fair but not exact. Alat
et al.4 calculate annihilation peak shapes for Si, GaAs, a
InP, but their calculations reproduce their measured p
shapes only in a qualitative way. Szpalaet al.5 do not at-
tempt to match their spectra with theoretical predictions,
interpret their data based on experimental results only.

Asoka-Kumaret al.7 show both experimentally obtaine
and theoretically calculated quotient spectra, but find o
qualitative agreement. Here the situation might be m
complicated, since annihilation peaks for two different m
terials have to be calculated quite accurately before a q
tient spectrum can be reproduced reasonably well. If
compare our spectra for Fe, Ni, and Cu with their calcula
ones@i.e., their Fig. 4~b!# and keep in mind that we divide b
Si, while Asoka-Kumaret al. divide by Al ~however, the
spectra for Si and Al are fairly similar, as can be seen, e
from the Si/Al spectrum shown in Ref. 7!, we find that their
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calculations fit our experimental data somewhat better t
their own measured spectra. This is true for both the gen
peak shapes~consisting obviously of two closely spaced co
tributions, the one centered at higher electron mome
growing in relative intensity with increasingZ), and the
maximum intensities of the quotient curves.

Although we introduced the 3 Gaussian fit only becau
of its apparent success in reproducing the measured spe
the fits show features that seem at least qualitatively
change in a reasonable fashion. The fact that the center
ergies of the gaussian contributions increase withZ in the
series of the 3d metals is consistent with the shift of th
atomic levels to higher binding energies for increasingZ. In
Fig. 6~a! on the right side we show the kinetic energy of
free electron, which, upon annihilating with a resting po
tron, would create ag ray with a maximum Doppler shifted
energy as given on the left axis. The open symbols in t
figure represent theM I (53s) andM II,III (53p) atomic en-
ergy levels,14 using the virial theorem approximation that
the atom the kinetic energy of an electronEkin equals the
binding energy, and the electron momentumpel can be cal-
culated aspel5A2mEkin . While the energies of the 3s elec-
trons reasonably reproduce the experimental peak positi
the 3p electrons do not fit theG1 peaks. Finally, there seem
to be no level in the vicinity of theG3 peak, which may be
an artefact of the quotient calculation.
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14 308 56U. MYLER AND P. J. SIMPSON
The agreement is not exact, however we believe it is su
ficient to allow the identification of spectral features with
particular atomic subshells. We do not expect agreement
any level beyond this because~i! the virial theorem provides
an estimate of the expectation value of the electron’s kine
energy, while the positron samples preferentially the lowe
energy portion of the electron wave function~i.e., farther
from the nucleus!, ~ii ! dividing by the spectrum of silicon to
obtain quotients may not exactly conserve the peak positio
and ~iii ! no effects such as positron-electron correlation a
accounted for. We note that despite its simplicity, this mod
qualitatively explains aspects of the spectra and provides
direct physical interpretation.

Considering the relative intensities of the three gaussi
contributions, Fig. 6~b! reveals that these can be fit convinc
ingly with straight lines. The relative contribution of theG1
peak decreases with increasingZ, while G2 increases. An
explanation of this behavior would have to take into consi

FIG. 6. Parameters of the 3 gaussiansG1 . . . G3 used for fitting
the spectra of Fe, Co, Ni, Cu, and Zn in Fig. 5.~a! Center energies
as a function of the atomic numberZ. On the right-hand scale, the
kinetic energy of a free electron that would cause such ag energy
when annihilating with a positron at rest, is displayed. Also, th
atomic energy levelsM II,III andM I ~Ref. 14! are shown with open
symbols.~b! Intensities of the three Gaussian components as a fun
tion of Z. In both graphs, the data are fit by straight lines~dotted!.
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eration the relative density of 3s and 3p electrons at rela-
tively large distances from the nucleus.G3 , on the other
hand, maintains a constant intensity for all five elements

The similarity of the Ag spectrum to the Fe . . . Znspectra
obviously is caused by the similarity in electronic structu
In the latter elements, the outer orbitals, i.e., valence e
trons, are 3d and 4s, with 3s and 3p as the shallowest core
levels. In Ag, the relevant core levels are 4s and 4p, while
4d and 5s constitute the valence electrons. Therefore, the
spectrum, too, can be fit in a similar manner with 3 gau
ians, increasing in width with center energy. In contrast,
case of Ir, Pt, and Au is different, in that although 5d and 6s
are the valence orbitals, the shallowest core levels are
4 f . It is therefore not surprising that these spectra differ fro
those of the previous elements in their general shape, bu
the other hand are similar to each other.

When it comes to interpreting the absolute intensities
the quotient spectra as depicted in Fig. 7, we have to kee
mind that these depend not only on the atomic properties,
also on the sample structure, especially the amount and
of vacancy-type defects present, since these reduce the
annihilation rate in favor of valence annihilations. Compa
son with the theoretical predictions of Asoka-Kumaret al.,
i.e., Fig. 4~b! in Ref. 7, is as follows: From this figure w
extract for Cu, Ni, Fe, Ge, and Sn peak quotient values
7.8, 6.2, 4.6, 2.1, and 2.0. Our measured values are 7.75,
3.9, 2.5, and 2.2, respectively, indicating reasonable ag
ment.

In this work we have not addressed variations due to
isotropy of the electron momentum distribution. Angul
correlation measurements15 indicate that these effects are o
the order of a few percent and are mainly confined to the
electron momentum region. Orientation effects are also
duced by the fact that the~cylindrical! detectors subtend a
half angle of 9° and therefore average over a range of or
tations.

Concluding, we find that even closely related eleme

c-

FIG. 7. Comparison of the intensity maxima in the measu
quotient spectra~all divided by the Si standard! for 26 different
pure elements~points!, with the calculated relative atomic densit
~i.e., normalized to Si, solid line!.
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can be positively identified by their quotient spectra, if the
are measured with sufficient precision. On the other ha
spectra of elements adjacent in the periodic table exhibit c
tain similarities and differ in a systematic way from ea
other. This information can be taken as an additional exp
mental input when attempting to theoretically predict anni
lation g-ray quotient spectra.
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