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Summary. Positron-decay curves in commercially available metal
hydrides have been measured, using a delayed coincidence system with
0.37 ns (FWHM) prompt time resolution. Evidence was found that the
annihilation is complex, with two exponential decays of comparable
intensities. In alkali-metal hydrides as in alkaline-earth hydrides,
the annihilation rates Iy and I', are found to increase with molecular
densities. The experimental results are against the crude application of
the simple decay model of the positron bound to a single H~ ion of the
lattice. This model seems realistic only in the limit of very low molecular
densities. Positron lifetimes in TiH, and ZrH, are found to be considerably
shorter than lifetimes in divalent alkaline earth hydrides, probably owing
to the presence of the highly polarizable electrons in the conduetion band.

1. - Introduetion.

Information about the annihilation features of slow positrons in solids is
mainly given by measurements of angular correlation of photons from the
two-gamma decay and by positron lifetime spectra. The first method gives the
density of momenta of the annihilating particles, the second gives the
lifetimes of the positron in the material and the fraction of positron annihila-
tions which occur by various modes. In the past few years some efforts were
made in the above direction, in order to get some knowledge of the electron
structure of matter. The decay mechanism of the positron, in spite of the
abundance of experimental data, is not yet clearly understood.

(*) This research has been sponsored by the Consiglio Nazionale delle Ricerche
(Gruppo Nazionale di Struttura della Materia).
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FERREL (1) discussed the formation of the positronium atom in ionic crystals
and concluded that this possibility is destroyed mainly by the fact that the po-
sitronium atom is confined to a space of very small dimensions with a great
lowering of its internal binding energy. It was then suggested that in ionic
crystals the positron interacts electrostatically with the negative ions and
annihilates with the outer electron shells. This argument was supported by
accurate experimental data (2) on the angular correlation of photons from posi-
tron annihilation in two systematie series of alkali halides, all the sodium halides
and all the alkali chlorides: the positive ions have very little influence on the
momentum distribution in comparison with the negative ions. This conclusion
was supported also by the observation that angular correlation curves for
LiH and NaH are hardly distinguishable (3). Serious difficulties arise when
the experimental densities of momenta are compared with the distributions
calculated from the wave-function products given by various models of elec-
tron and positron wave functions in the erystal. This is probably due to the
fact that positrons annihilate chiefly with the electrons of the valence band
which are more polarizable than others, and whose wave functions differ from
the Hartree-Fock free-ion wave functions because of the ciystal potential and
the presence of the positron itself. Therefore a significant comparison with
experimental data requires a detailed knowledge -of the electron charge distri-
bution in the crystal.

At the present, accurate experimental data about positron lifetimes in
alkali halides are available (+5). For these substances the annihilation spectra
are complex and show the contribution of two or more lifetime components.
The interpretation of these results is not immediate but it is seen that the
annihilation features show regularities within each series of alkali halides.

Owing to the main result pointed out by experiments that the annihilation
process is chiefly concerned with the electronic properties of the negative ions,
it is useful to get experimental data about the most simple series of ionic
crystals, that is metal hydrides. Moreover the most demanding theoretical
works about positron annihilation in ionic crystal are performed in LiH because
of its simple electronic structure () Finally the experimental investigation
of positron lifetimes in solids is now more accurate than in the past few years
because of improved experimental techniques.
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In a previous paper (8) we have established the possibility of making a
systematic investigation of positron-deeay features in metal hydrides with
gufficient accuracy.

In the present paper we give the experimental results about positron life-
times and intensities of the various decay components in alkali metal and
alkaline earth hydrides which are commercially available. A physical decay
model is also proposed which is in qualitative agreement with experimental
data available at present time.

2. — Experimental method.

Our delayed coincidence system consisted basically of a time-to-pulge-
height converter Ortec Model 405 together with a conventional fast-slow
system. In order to eliminate pile-up effects, the inhibit pulses of two pile-up
detector circuits were put in anticoincidence with signals to be analysed.
The y-rays were detected by two NE 102 plastic scintillators, optically coupled
to Philips XP 1021 photomultipliers. With narrow energy selection windows
set near the Compton edges of the 22Na spectrum, the full width at half
maximum (FWHM) of the prompt resolution curve taken with the y-rays
emitted by ¢Co was 3.7-10*°s. The slope simulated by the resolution curve
was 0.82-10- 5. These values were determined under typical experimental
conditions. The peak-to-background ratio was 10%;1 for the activities of the
sources used in our experiments. To reduce the effects of drift, which was
mainly due to the multichannel analyser, data were taken alternately from
prompt (*°Co) and delayed sources. We have not considered data accumulated
between two prompt resolution curves whose centroids drifted more than
0.30-10-'° 5. Moreover all spectra were analysed by the slope method using
a maximum likelihood procedure, in which allowance was made for finite time
resolution, background and finite width of pulse-height analyser channels.
Time calibration was made by means of fixed coaxial delay lines: they were
inserted immediately before the stop input of the time-to-pulse-height converter,
and subsequently we measured the centroid shifts of the prompt curves so
obtained.

A few microcuries of 22Na(] solution were evaporated on a 1 mg/em? mica
foil sandwiched between the specimens under investigation. The fraction K of
the positrons annihilating in the supporting foil was evaluated by taking
advantage of results obtained recently by BERTOLACCINI and ZAPPA (%).

(®) A. Gavorri, C. GuEezzi, M. MANFREDI and L. ZeccHINA: Phys. Lett., 25 A,
316 (1967).
(®) M. BerroLACCINI and L. ZaPPA: Nuovo Cimento, 52 B, 487 (1967).

4 — Il Nuovo Cimento B.
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In their paper they give directly this fraction as a function of the foil thickness
and. of the mean atomic number of the specimen. The values of K relative to
our measurements are contained in few 10—2: this is due to the low mean atomic
number of the specimens under investigation. By knowing K and by taking
a spectrum in a mica sample it has been possible to subtract correctly from
every spectrum the contribution of annihilations taking place in the sup-
porting foil. In order to test our apparatus we have compared the results
obtained in Au and in instrinsic Ge with those recently given in the literature.
Tt was found that in these elements the main part of the positrons annihilates
with a single lifetime. In Table I our lifetimes are compared with those given
by WEISBERG and BERKO (') for Ge and BERTOLACCINI and ZAPPA (°) for Au.

The agreement is satisfactory: slight diserepancies are contaired in some
percent.

TABLE 1. — Mean lives of positrons in Ge and Au: comparison between our values and
those in the literature. (t-101s.)

Our values Literature

Ge 2.32 4 0.08 (Int.) 2.26 - 0.05 (Int.)
2.27+ 0.07 (N doped)

Au 2.07 4 0.08 1.914-0.03
2.00 4- 0.05

Owing to the fact that metal hydrides react very strongly with water, the
preparation of the specimens was carried out in inert atmosphere and all
measurements were taken under vacuum. Multicrystalline analytical reagent-
grade chemical specimens were used. It is known that, apart from « tails»
of very low intensity, the decay features of the positrons are considerably
insensitive to small quantities of impurities and are identical for powder and
for single crystal specimens. These conclusions were evidenced for LiH in our
previous paper (8).

3. — Results.

For all investigated compounds a complex annihilation spectrum was ob-
served; at least two decay components [ and [, with comparable intensities

(1°) H. WzisBeErG and S. BErko: Phys. Rev., 154, 249 (1967).
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I, and I, were separated. A typical
example was KH whose spectrum is
illustrated in Fig. 1: the two life-
times are clearly separated. In sev-
eral cases (CaH,, SrH,, BaH, and
LiH) a third component I'; with life-
time of some 10 s and very feeble
intensity is found. In Fig. 2 the
long «tail» in the SrH, spectrum is
well in evidence. No comments are
made in this paper about this com-
ponent because we have already
pointed out that values of I, and
I, are not reproducible, for example
in LiH (®).

All results are summarized in
Table I1.

It has been impossible to inves-
tigate RbH and CsH because they
are not commercially available with
a sufficient degree of purity. For
each compound several specimens
have been investigated: apart for the
I’y component in LiH, we have not
found lack of reproducibility. In
every case values reported in the
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Fig. 1. —~ Delayed-coincidence spectrum
for KH. 1 channel=1.06-10"1g, 1,=

= 2.94-10"10s, 7,=15.22-10"10s,

Table are the arithmetic mean values

among all measurements and there was no measurement leading to a result
which is not included within the errors given in the Table.
In the last column the molecular densities of various compounds are reported.

TABLE II. — Mean lives and intensities of positrons in metal hydrides. In the last eolumn
the molecular densities of various compounds are reported.

I {

Cmors | L) | ow0es [ Lo | wees | Lop et

| |
L | 1.754-0.10 | 2845 | 3.20-0.15 | 65--10 | 0.74=-1.45  2-8 | 5.88 |
NaH | 2.4440.15 | 2145 | 4134020 | 54+ 5 3.41 !
KH = 2.8140.13 ' 33-L2 | 5.2940.15 | 56+ 2 2.14
MgH, | 2.544-0.15 | 68--5 | 4.90+-0.20 | 17+ 3 3.24 |
CaH, 2524020 7315 | 6141025 | 11+ 2 | 4741010 | 12204 272 |
SrH, | 2.8940.15 ' 52--6 | 6.78+-0.20 | 33+ 5 | 5314025 | 5641.0 | 2.19 :
| BaH, | 3.1940.10 | 8144 | 7.8540.40 | 10+ 1 | 4.3240.20 | 24403 | 1.79 [
TiH, | 1.40--0.15 | 5245 | 8.37--0.10 | 31+ 5 | 4.58 |
7rH, ‘ 1.80--0.15 | 5748 | 8.7140.20 | 37+ 5 | 3.65 |
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The numbers of molecules for cm? are evaluated from X-ray data (') and are
found consistent with values obtained by means of picnomefric determina-
tions when these are available. The lifetimes 7, and 7, for alkali-metal and
alkaline-earth hydrides are found to vary in a regular way with molecular
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Fig. 2. — Delayed-coincidence spectrum for SrH,. 1 channel=1.06-10"%s, 7;=

=3.03-10"19s, 7,=6.91-10"198, 7,=25.31-10"s.

densities. This is better illustrated in Fig. 3 for alkali metal hydrides and
in Fig. 4 for alkaline-earth hydrides where we plotted the annihilation rates
Iy and I, (the reciprocals of 7, and 7,) against molecular densities.

It is difficult from these graphs to draw definite conclusions about the
dependence of I3 and [, from n, but in a crude approximation we may say
that the annihilation rates linearly increase with molecular densities. Also
we have extrapolated to very low densities, and particularly to n = 0, this
linear behaviour. Values at n = 0 are clearly finite values and correspond to

(1) G. LiBowrrz: The Solid-State Chemistry of Binary Metal Hydrides (New
York, 1965).
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Fig. 3. — Plot of the annihilation rates Fig. 4. — Plot of the annihilation rates I'
Iy and I, against molecular density = and I', against molecular density » for
for alkali metal hydrides. alkaline-earth hydrides.

lifetimes of (4.26--0.20)-10-° s and (8.704-0.6)-10- s for monovalent hydrides
and to (5.20--0.30)-10-°s and (2.1540.35)-10~* s for divalent hydrides.

4. — Discussion.

It is reasonable to assume that the annihilation process of the positron in
ionic crystals mainly takes place with the electrons of the negative ions and
more precisely, with the electrons in the valence band. This is suggested by
simple considerations about Coulomb interaction and electronic polarizability,
and is sufficiently confirmed by angular correlation (2) and lifetime (*%) exper-
iments in alkali halides. Similar conclusions can be drawn for metal hydrides
by having in mind the angular correlation measurements (*) and the present
experimental results. Some doubts may arise by observing that the low elec-
tronegativity difference between metal and hydrogen atoms seems to indicate
a low degree of ionicity in the bond. The electronegativity difference varies
from 1.0 (MgH,) to 1.4 (CsH) in metal hydrides and from 1.5 (Lil) to 3.3 (CsF)
in alkali halides. However it should be emphasized that the electronegativity
difference is by no means a precise definition of the percentage of ionic
character in a chemical bond. For example, according to PAULING (%), an
electronegativity difference of 1.1 as in LiH, corresponds to 26 9%, ionic character
for the chemical bond between lithium and hydrogen. However a different
evaluation (%) of the relative partial charge in hydrogen atom gives — 0.49

(*2) L. PAULING: The Nature of the Chemical Bond (Ithaca, N.Y., 1960).
(13) R. T. SANDERSON: Chemical Periodicity (New York, 1964).
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in units of electron charge. Finally recent diffraction investigations (*4) and
theoretical quantum mechanical calculations (%) indicate that the degree of
electron transfer from lithium to hydrogen is in the range of 0.8 to 1 electrons,
thus indicating a strong ionic bond.

GOL'DANSKII ef al. (*'%) made a first attempt to explain the annihilation
features of the positron in metal hydrides by supposing the positron interacting
with a single H™ ion thus forming the system H~™e". They considered the
system in the free space and used the Hartree-Fock self-consistent method
for calculating energy levels and electron and positron wave functions. They
showed that the binding energy of the positron with H™ is equal to several eV
for both the ground state and the first excited states, that is bound states are
possible. Moreover they calculated the annihilation rates of the positron for
different (1s?) nl configurations, and showed that the possibility of observing
several annihilation rates coming from various excited states of the positron
is indeed confirmed by the fact that the probability of capture of thermalized
positrons is much larger for excited states than for the ground states, while
the radiative transition rates between various levels are comparable with the
annihilation rates.

In view of our results, the crude application of the Gol'danskii model to
metal hydrides is not realistic:

1) The system H~e* in the free space leads to lifetimes identical for all
monovalent hydrides. This is clearly against the experimental results that 1}
and [, increase with molecular densities.

2) The size of the H et bound system is considerably greater than the
distance between nearest H-H neighbours in real lattices (¢-2%).- This shows
that the interactions with other neighbours H™ cannot be neglected.

3) Following FERREL (1) we may suppose that the effect of the sur-
rounding ions is to raise the positron energy by the Madelung term. If ¢ is
one-half the inter-atomic spacing and a the radius of the first Bohr orbit, the
Madelung energy is 1.74(aje) ryd for cubic crystals; this is of the same order
as the binding energy to an isolated H™ ion, that is 4.57 eV for the ground
state, and makes questionable if the binding to a single H™ ion is energetically
favourable.

Only for sufficiently low values of n the minimum distance between H™ ions
in the lattice becomes greater than the size of the H™et system. The Gol'danskii

(**) R. 8. CaLpEr, W. CocuraN, D. GrirriTus and R. D. Lowpz: Journ. Phys.
Chem. Solids, 23, 621 (1962).

(**) H. SuUrLL: Journ. Appl. Phys., 33, 292 (1962).

(%) A. V. IvavovNa and E. P. Prokor’Ev: Sov. Phys. JETP, 21, 771 (1965).
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model seems therefore realistic only in the limit of very low molecular densi-
ties and particularly for » = 0. The reciprocal of our extrapolated I and I}
values at n = 0 (see Fig. 3), that is (4.264-0.20)-10-° s and (8.70£0.60)-10-" s,
should have the meaning of the lifetimes for the positron bound to a single
H~ ion in the free space and should directly be compared with the lifetimes
of 2.84-10-°s and 12.7-10~-1°s calculated in ref. (¢1¢). The disagreement is
perhaps not serious if one has in mind that the calculated values are mean
values over several excited positron levels.

At higher values of molecular density, as we have already pointed out,
the positron should interact with several H™ ions and one expects an inecrease
of Iy and I’, with molecular densily, according to the experimental result.
Thus calculations like that of BRANDT ef al. (), involving the positron in-
teracting with the whole crystal, should be more realistic even if they lead to
a single lifetime: this difficulty could be removed by considering also excited
positron bands and by asecribing the different rates /7 and I, to annihila-
tions from different positron bands.

Considerations like these can be applied to alkaline-earth hydrides with
the only difference that anunihilations from H;"e* bound system must be con-
sidered now in the low-n limit.

Finally we have measured positron lifetimes in {wo other divalent hydrides,
i.e. TiH, and ZrH,; the results are reported in the last two rows of Table 11
and we observe that positron lifetimes in such compounds are considerably
(higher) than lifetimes in alkaline-earth hydrides. In other words, if we plot
the annihilation rates I'; and I, for TiH, and ZrH, against molecular densities
we find points that lie considerably above the straight lines of Tig. 4. This
is probably due to the nature of the chemical bonding of these compounds,
which seems to consist of a mixture of ionic and metallic bonds. More precisely
the agreement between measured inter-atomic distances and the sum of the
ionic radii indicates ionic bond whereas the electrical conductivity of metallic
type exhibited by these compounds indicates electrons in the conduction
band (11). Probably it is the contribution of these highly polarizable con-
duction electrons to the annihilation process that causes the observed relevant
decrease in positron lifetimes.

Some conclasions can be drawn from this paper. The observed positron
lifetimes in metal hydrides together with considerations about the size of
the H™e™ system advise against the crude application of the Gol'danskii model.
This model seems realistic only in the limit of very low molecular densities,
whereas it is a useful model for a tentative explanation of the multiplicity of
the observed annihilation rates. It is to be noted here that molecular den-
sities sufficiently low in order to ensure the reality of the application of the
Gol’danskii model are not experimentally reproducible. In fact these values
of n are characteristic of the gaseous phase, whereas metallic hydrides do not
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exist in this phase, and in general the annihilation features of the positron in
gaseous media are very different from what is observed in solids, because of
positronium formation.
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RIASSUNTO

Le vite medie dei positoni negli idruri metallici commercialmente disponibili sono
state misurate mediante un sistema di coincidenza ritardata avente una risoluzione
di 0.37 ns (FWHM). L’annichilamento & risultato essere complesso con due componenti
di decadimento esponenziali aventi intensith paragonabili. Sia negli idruri dei metalli
alcalini che in quelli dei metalli alcalino terrosi si & trovato che le probabilita di annichi-
limento I'y e I', aumentano con le densitd molecolari. I risultati sperimentali sono con-
trari alla applicazione del semplice modello di decadimento del positone legato ad
un singolo ione H~. Questo modello sembra plausibile solo nel limite di densitd mole-
colari molto basse. Le vite medie dei positoni in TiH, e ZrH, sono risultate considere-
volmente piit brevi di quelle riscontrate negli idruri dei metalli alealino terrosi: cio &
probabilmente dovuto al contributo degli elettroni di conduzione.

Bpemeﬂa 7KM3HH TIO3HTPOHOB B METAVIMYECKHX ImaApHIaX.

Pe3tome (*). — Bpuiu u3MepeHsl KpuBbIE pacnajd MO3UTPOHOB B HMEIOIIHUXCS C MPoIaxe
MeTAIMIECKUX THAPHAAX, HCIOJB3YS 3ama3/IblBAIOMIyI0 cucreMy coemamenmit ¢ 0.37
Heek (FWHM) MrHOBEHHBIM BpeMeHHLIM paspellenueM. Hailineno moaTsepkmeHue, 410
AHHATAIANNA SABIISCTCS CIIOXHOM, C NBYMs SKCIOHEHIMAIBHBIMHA paclafiaMu, CO CPaBHHA-
MBIMH WHTEHCHBHOCTAMH. B IHEIOYHBIX METANIHYECKAX FHAPUAAX, TIOHOOHBIX INEJIOYHO-
3eMENbHBIM TUAPHIAM, TIONYYEeHO, YTO CKOPOCTH aHHuTwisituu I, u I'y yBeNH4uBaroOTCsS
C YBEINMYCHHEM MOJIEKYISPHBIX IUIOTHOCTEH. OXKCHepMMEHTANbHBIE PE3yNIbTaTHl IPOTH-
BOpeYyaT HEHOCPEICTBEHHOMY IIPHMEHCHHIO IPOCTON MoOIenu pacnana, XoTopas pac-
CMaTpUBAeT TO3HUTPOH, CBA3aHHBIM C OTOENBHBIM MOHOM H~™ B pemetke. OT1a MOAENDH
OKa3bIBaeTCd PeaTUCTUYHOM TOIBKO B IIpeeiie OYCHb HU3KUX MOJIEKYISAPHBIX TUNIOTHOCTEMH.
Ionyueno, uTo BpemeHa >ku3HM NO3UTPOHOB B TiH, m ZrH, 3HaUNTeNbHO XKOpOYE, YEM
BpPEMEHA KU3HA B MBYXBAJICHTHBIX IIEIOYHO-36 MEJIBHBIX THAPUIAX, YTO, BEPOSITHO, 00YCIIOB-
JIEHO HAJIMYMEM CHJIBHO TIOJIAPU3YEMBIX 3JIEKTPOHOB B 30HE MPOBOAUMOCTH.

(*) Ilepesedeno pedaryueii.



