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The positron annihilation lifetime models for describing of positron and positronium trapping in
inner free-volume structure of solids for example of spinel ceramics are analyzed. It is shown that
in fine-grained poorly-nanoporous NiMn,04-CuMn,04,-MnCo,0, ceramics there is one defect-
related positron annihilation channel. In the case of high-porous MgO-Al,O; ceramics two inde-
pendent channels of positron annihilation should be considered — the positron trapping and ortho-
positronium decaying combined with a so-called “pick-off” annihilation process in nanopores usu-
ally filled by water.
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Introduction. Positron annihilation lifetime (PAL) spectroscopy is one of the most pow-
erful experimental methods for studying of structurally inner voids in solids: vacancy-like de-
fects and some their extended modifications (clusters, agglomerates, micro- and nanovoids,
etc.) in “traditional” single-crystal semiconductors and insulators [1]. The main channels of
positron annihilation in these materials could be ascribed to individual positron trapping sites
and specific bound states called positronium Ps [1-3]. In the ground state, the Ps exists as
singlet para-positronium p-Ps, decaying intrinsically (i.e. between Ps-forming particles) with
two j~quanta and character lifetime in a vacuum of 124 ps, and triplet ortho-positronium o-Ps,
decaying with three j-quanta and lifetime of 142 ns. In matter, since the positron wave func-
tion overlaps with electrons outside the o-Ps, the annihilation with such electrons having an
antiparallel spin decreases lifetime to 0.5-10 ns. The latter process resulting in two j-rays is
commonly called “pick-off” annihilation [1-4].

Early was shown that in the case of porous spinel ceramics, two channels of positron an-
nihilation should be considered — the positron trapping and o-Ps decaying [5]. In general, these
processes are independent ones. However, if trapping sites will appear in a vicinity of grain
boundaries neighboring with free-volume pores, they can become mutually interconnected
resulting in a significant complication of the measured PAL spectra. The aim of this work is
the mathematical describing of all PAL processes in porous solids for example of ceramics
within multi-channel model, which include positron trapping modes and Ps decaying.
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Two-state positron trapping model for fine-grained solids. The first results of PAL
methods for fine-grained solids were presented by scientific school of Krause-Rehberg R. [1].
The best fitting was achieved at three-component mathematical procedure: the first component
with 7;=7,0.10-0.12 ns were responsible for positron annihilation in undisturbed interior of
grains; the second component with 7,=17,,~0.25-0.35 ns was responsible for positron trapping
at grain boundaries; the third one with z;=17,,,~0.5-0.6 ns was responsible for positron trapping
in pores. The other results in respects to PAL application for fine-grained materials were pre-
sented by group of Langhammer H.T. [6]. The Mn-doped BaTiO; ceramics were investigated,
the best fitting being achieved if two-component procedure with arbitrary lifetimes is used.

At studying of temperature-sensitive NiMn,O4-CuMn,04-MnCo,0, ceramics and using
experience of works [7,8], we established that the adequate phenomenological description of
positron trapping in solids can be developed at the basis of trapping model, which gives quan-
titative correlation between physically real parameters of positron trapping sites or defects and
experimentally determined PAL spectra. The next parameters are usually chosen to describe
positron trapping in defect: x;— positron trapping rate of defect; 7,— positron lifetime in defect,
Aq4— positron annihilation rate in defect-free bulk; 7, — bulk positron lifetime.

In general, since the defect-related annihilation channels are additional ones to direct an-
nihilation of positrons from delocalized state in defect-free bulk, the above models are conven-
iently considered as the multi-state positron trapping models. The simple set of differential rate
equations are used in order to obtain the total amount of annihilated positrons at time ¢ or. The
main prerequisites for this procedure are as follows: positrons are not significantly trapped
before thermalization (1); defects, which can capture positrons, are distributed throughout the
whole structural network (2); there is no interaction between different positron traps.

Take into account our previous results [7], the two-state positron trapping moles we pro-
posed for solids with one-type defect at a very small concentration of nanopores (Fig. 1):

The set of rate equations for positron capture by one defect (a single open-volume de-
fect):

dn
dtn =-An, —x,n, =—(4, +x,)n, n
dn
7: =K n, — A0,
Its solutions n,(2) and n,(?) satisfy the following starting conditions:
n,(0) =n, Q)
n,(0)=0

The total amount of annihilated positrons at time ¢ (which gives the whole decay spec-
trum of annihilated positrons) in the case of two fitting components with /; and /, intensities (7,

+ I, = 1) and 7; and 7, lifetimes defines by the sum [1]:
1 1

n@)=n,)+n,()=n,(Iie " +1,e *) 3)
After mathematical manipulation, the total amount of annihilated positrons at time ¢ is

equal to
n(t) =|n, /1(17—15 e_(;“h+’(d)f +K7de—iwt (4)
Ay = Ay — Ky Ay + Ky =2y
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By comparing expressions (3) and (4), the following two-component fitting parameters
can be defined for this two-state positron trapping model:

1 1 7, 1

T, = =— = ST, =—=1,, (&)
A tk, 1,7 +k, l+r,K, A

I = A =4 _ Ta T , (6)

A=A =Ky Ty =T, HKT,T,

K K,T,T

[2:1_[1: d — d”d"b . (7)

A, -, +x, T,-T,+K,T,T,

It can be shown that:
-1
7, = £+I_2 :L,Kdzlz 1 r =1z, +1r, ®)
T, T, I, + 1,7, T, T,

If two-state positron trapping model is valid and two-component fitting procedure is ap-
plied for mathematical treatment of the experimentally obtained PAL spectra, then the bulk
defect-free positron lifetime 7, is greater than the short positron lifetime 7; (7; < 7, < 7,), which
sometimes is also called the reduced bulk positron lifetime. The long positron lifetime 7, ex-
actly describes the annihilation of positrons captured in open-volume defect.

Delocalized positron state
in defect-free bulk (ny)

Ky

y) y
b
Deep ground state
of defect-related positron trap

A

Y
Annihilation radiation

Fig.1. Two-state positron trapping model
(ng —concentration of positrons in defect-free bulk at time ¢)

Such two-state positron trapping model can be used to monolithized transition-metal
manganite CugNipgCo¢,Mn, 40,4 ceramics with a small concentration of nanopores [7]. The
first component of PAL spectra (7;20.2 ns) was connected with main spinel structure and the
second (7,=0.4 ns) one — with extended defects located near grain boundaries in the vicinity of
additional extracted NiO phase. The intensity /; corresponds to the amounts of the main spinel
phase, while the /, intensity — to the amount of NiO phase near grain boundaries. The main
changes caused by amount of addition phase and monolithization degree are represented on the
positron trapping rate of defect near grain boundaries x; [7].
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Multi-channel PAL model for nanoporous solids. The main achievement of scientific
school of J. Dryzek [9] is the development of the Ps trapping. It was shown that PAL spectra
have three main components: annihilation of positron in the free state (7;=7, =0.3-0.4 ps); an-
nihilation of p-Ps (7,=17, p~=125 ps) and annihilation of o-Ps localized in pores (73=71,.p,=0.5
ns).

In our previous works at study of nanoporous humidity-sensitive MgAl,O,4 ceramics [9-
12], we established that in the case of porous solids with high concentration of nanopores the
best fitting are achieved at three- or four-component procedures: the first component is attrib-
uted to positron annihilation in the free state and annihilation of p-Ps (7,=17,+1,.p,). The second
component is distinguished from the first one is attributed to trapping in more extended free-
volume defects, such as multi-atom vacancy-like clusters, grain boundaries, etc. (7,=1,). The
third (and fourth) component is attributed to “pick-off” channel of o-Ps annihilation in pores
(73=1,.ps). Alternatively, the following positron trapping model is possible: the contribution of
positron annihilation on defects (single- or double-atom vacancies, dislocations, etc.) will be in
the short-time defect-related PAL component. The contribution of positron trapping channels
through extended free-volume defects with distinguished PAL parameters will be in the second
PAL component. The contribution of 0-Ps “pick-off” annihilation channels in other phases
(such as water) will be in the third and fourth PAL components.

The most possible channels of positron annihilation in fine-grained porous solids are
shown on Fig.2.

Non-thermalized positrons (N)

v k,vfg v kQ/4 v k3Q/4
Delocalized positron state Ps-related state
in defect-free bulk (ny) p-Ps (n"™) | 0-Ps (n°™)
kofPs
v’
Kh

A Pore

-Ps

Deep ground state (0,"™)

of defect-related positron trap

A 2 e e | en] e
v y y v oy oy e

Annihilation radiation

Fig.2. Multi-channel PAL model for porous solids

The first component is attributed to A, + #7* — channel. The second component is well
distinguished from the first one and is attributed to trapping in more extended free-volume
defects (the A, —channel). The third component is attributed to “pick-off” /1,,”'P ¥ channel.

The set of rate equations for multi-channel PAL processes is:
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where n;, — number (concentration) of positrons in defect-free bulk at time #; 4, — positron an-
nihilation rate in defect-free bulk (4, =1/7,); n,— number (concentration) of positrons trapped
in defect at time #; x; — positron trapping rate of defect; 4,— positron annihilation rate in defect

(As =1/7,); n*™* — number (concentration) of p-Ps at time #; /127”'P ¥ — 2y~quanta annihilation rate

0-Ps

of p-Ps (A7 = 1/5,/ = 0.125 ns); n”" — number (concentration) of o-Ps at time #; A3,

3y~quanta annihilation rate of o-Ps (/137”'13 =1/ 1'37"'P ); 227”'13 ¥ — annihilation rate of o-Ps in

“pick-off” process (A" = 1/2,°"™); n,”"~ number (concentration) of pores, where o-Ps is
formed; 4, " — 0-Ps annihilation rate in “pick-off” process through pores (1,.,,”" = 1/z,,,”
;& — positron trapping rate of pore.

Such multi-channel PAL model can be used to porous humidity-sensitive MgO-Al,O; ce-
ramics [11]. Two independent channels of positron annihilation should be considered — the
positron trapping with short-live z; and 7, lifetimes and o-Ps decaying (“pick-off”” annihilation
in water) with long-live 73 and/or 7, lifetimes. The shortest lifetime component (the first chan-
nel of positron annihilation) in the studied ceramics reflects mainly the microstructure specific-
ity of the spinel with character octahedral and tetrahedral cation vacancies. The 7, lifetime can
be treated as defect-related one, these positron trapping defects being located near grain
boundaries with addition MgO phase [12]. The third and the fourth longest (z3, ;) and (7, 1,)
components in the resolved lifetime spectra are due to “pick-off” annihilation of o-Ps atoms in
the intergranual pores [15]. These components are owing to predominant nanopores filled with
absorbed water [12]. It was shown in [10] that with sintering temperature of ceramics the o-Ps
“pick-off” decaying occurs preferentially in the nanopores filled by absorbed water, while the
ceramic samples sintered at relatively low temperature show this process in both water-filled
and water-free nanopores. The water-sorption processes act on positron trapping, which is
close to the saturation independently on their structural perfectiveness of ceramics [8].

Conclusion. The PAL spectroscopy can be adequately used to free-volume study of sol-
ids. Two-state positron trapping model (two PAL components) should be applied to characteri-
zation of extended defects in temperature-sensitive fine-grained NiMn,O,-CuMn,04-MnCo0,04
ceramics with a very small concentration of nanopores. Two independent channels (three or
four components) of positron annihilation within multi-channel model should be considered in
porous humidity-sensitive MgO-Al,O5 ceramics: positron trapping and o-Ps decaying within
“pick-off” annihilation in nanopores filled by water.
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BAT'ATOCTAHOBI MOJEJII ITAC JJIAA OIIMCY BHYTPIIIHBOI'O BUIBHOI'O
OB’€EMY CEHCOPHOI KEPAMIKH JJ151 TBEPJIOTLJILHOI EJTEKTPOHIKA

I'. Knum 1, O. lHImoT0K 2, I. Kap6oBHuuk 3, P. Kouan'
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3 Tvsiscouti nayionansuuii ynisepcumem iveni leana @panka
syn. 2en. Tapnascokozo, 107, 79017 Jlveis, Yrpaina

[IpoananizoBaHO MOZENI TO3UTPOHHOI aHITUIAMIT IS OIKMCY BHYTPIIIHBOTO BLTEHOTO 00’€My B TBEp-
IUX TUTaX Ha MPUKIal NIMiHENbHOT Kepamiku. [lokazaHo, mo A qpiOHOMUCIIEPCHOI KepaMika i3 30i1-
HEHOI0 TOpyBaToro CTpykTyporo NiMn,04-CuMn,04,-MnCo,0, xapakTepHuil oauH AeheKTHHN KaHal
3aXOIUIEHHSI MO3UTPOHIB. Y BHIAAKy mopyBaroi kepamikn MgO-Al,O; MaroTe Micie Ba He3aJIeXKHI
KaHaJIM — aHIrUil MO3UTPOHIB Ta po3magy aTOMIB OPTO-IO3UTPOHII0 depe3 mporec pick-oft” B
HaHOIIOPaX, B TOMY YHCII, 3BOJIOKEHHX BOJOIO.

Kniouosi cnosa: MmareMaTn4iHa MOZIENb, 3aXOIICHHS TIO3UTPOHIB, KAHAIN aHITLIAII].

MOJIEJIM MHOTUX COCTOSIHUM TTAC JIJI5 ONUCAHMS BHYTPEHHEI'O
CBOBOJHOI'O OFbEMA CEHCOPHOM KEPAMMKH
JJISI TBEPJOTEJIBHOU EJIEKTPOHUKA
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[IpoaHanu3npoBaHbl MOJEIH ITO3UTPOHHOH aHHMTMIILMU IJIsl OIMCAHUs BHYTPEHHEro CBOOOIHOTO
o0bemMa B TBEpABIX TeJax Ha MpUMepe LINUHENbHOH Kepamuku. [Toka3aHo, 4TO Al MEIKO-JUCIePCHOI
KepamMuKa ¢ oOemHeHHOH mnopucroi crpykrypod NiMn,0,-CuMn,04-MnCo,04 XapaxkTepeH onuH je-
(eKTHBI KaHal 3axBaTa IO3UTPOHOB. B ciryyae mopucroit kepamuku MgO-AlLO; umerorT Mecto aBa
HE3aBHCUMBIX KaHajla — aHHUIWJIILUMY [TO3UTPOHOB U paclajia aTOMOB OPTO-IIO3UTPOHUS Yepe3 Mpolecc
“pick-off” B HaHOIIOpax, B TOM UHCIIe, yBIAKHEHHBIX BOJOI.

Kniouesvie cnoea: MaTeMaTHueCKasi MOJIE/Ib, 3aXBaTa MO3UTPOHOB, KAHAIIbl AHHUTUIISALIMN.



