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LOU-TEMPERATURE POSITRON LIFETIME AHD DOPPLER-BROADENINC MEASUREMENTS FOR
SINGLE-CRYSTAL NICKEL OXIDE CONTAINING CATION VACANCIES

Jane* T. Weber,* C. L. Snead, J r . , * * and K. G. Lynn**

•Northwestern TJniv., Evanston, IL 60201, **Brookhaven National Lab . , Upton, NY 11973

Lifet ime and Doppler-broadening measurements for pos i tron a n n i h i l a t i o n in
s u b s t o l c h i o n e t r i e n ickelous oxide have been made conconi tant ly from l i q u i d -
helium to roon temperature. The concentrat ion of ca t ion vacancies i s read-
i l y contro l l ed by a l t e r i n g the anbient oxygen pressure whi le anneal ing the
c r y s t a l s a t 1673 K. I t was found that n e i t h e r of the three l i f e t i m e s ob-
served or their relative intensities varied significantly with the oxygen
pressure, and the bulk rate only increased slightly when the specimen was
cooled from rooa to liquld-hellua temperatures. These results are inter-
preted as indicating that soee of the positrons are trapped by the existing
cation vacancies and a smaller fraction by vacancy clusters.

INTRODUCTION

In recent years, there have been a number
of measurements of positron annihilation
for various nonnetallic crystals. Compli-
cated lifetime spectra have been observed
for ionic solids and the effects of lat-
tice defects deduced.1~3 The shortest
component X\ ranges fron 132 psec for LiBr
to 347 psec for Nal and is usually asso-
ciated with annihilation in the bulk of
the crystal. Dupasquler^ recently re-
viewed the results for a series of alkali
halldes and other ionic crystals such as
oxides; it is not clear that the bulk
lifetime is always the shortest or the
aost-intense component that is present. A
second lifetime component which increases
with the average number of anions per unit
volume was observed to range from 297 psec
for LiF to 776 for Nal. There is an in-
termediate lifetime "in the range of 136 to
183 for the four compounds, CsBr, KI, Rbl
and Csl. The cause for the several life-
times and decay modes is not established
unequivocally.'1 There is a tendency among
workers to ignore any third component
which may be 1 or more nanoseconds long,
even though there may be good statistical
grounds for its being significant.

In analogy with metals, the second longest
lifetime component is associated with the
trapping of the positron by a lattice de-
fect. It is definitely associated with a
region where the electronic charge den-
sity Is reduced. The most likely candi-
date would appear to be a cat lor vacancy.
Studies on Intentionally deformed crystals
suggest that positrons may also be trapped
by dislocations.

In the literature on lattice defects,
cation vacancies are described as being

singly or doubly Ionized. In the singly
ionized state, an electron is localized
near the vacancy and an electron hole is
also In .the vicinity. The latter could be
an increased valence (from 2 to 3} of near-
by cations or it could be a reduction in
the charge on the O~2 ion in NiO. Theoret-
ical calculations indicate that an oxygen
ion could readily lose an electron from
the closed shell and have it delocalized
towards the vacant lattice site, i.e., a
spreading of the charge distribution to-
wards the loH-density region. Such details
are seldom discussed, since the approach
taken very successfully by Wagner5 is to
treat lattice defects as dilute solutions
with the host lattice acting as the "sol-
vent" and apply the Law of Mass Action.6

Based on chemical intuition, it is assumed
that the anions have a fixed valence where-
as the cations have variable ionic charges.

Because of the redistribution of the elec-
trons near the vacancy, it is not clear
whether one or two traps (one much weaker
than the other) might be expected in an ox-
ide such as NiO. Our experiments were fur-
ther prompted by the fact that the forma-
tion of cation vacancies in NiO has been
studied many times in the last 20 years7'8

and various authors agree about the effect
of vacancies on electrical conductivity and
related physical properties and that the
vacancy is singly ionized.'

EXPERIMENTAL DETAILS

A slice of a NIO boule was obtained from
Argonne National Laboratory; such boulea
have been used in tracer diffusion mea-
surements and the total impurity content
was of the order of 10 ppm. After cleav-
ing, the mating surfaces were oriented and
ground so that the normal was within a few
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purity K2 gas which
tained 7.5 ppn of 02

degrees of [100]. The two piecei were an-
nealed for several days in air at 1691 K.
The estimated vacancy concentration w«i
7x10"*- In the later experiments, anneal-
ing was done at 1670 K for 100 h in high-

intentlonally con-
This fugacity of

oxygen would correspond to a concentration
of 0.5xl0"4 singly ionized cation vacan-
cies.'

The positron source was deposited by dry-
ing a drop of ^NaCl solution on a Kapton
film. This polymeric material has been
found to have a single temperature-
independent lifetime of 382 psec.*0

For the low-temperature runs, the source
holder was inserted between the two por-
tions of the crystal and they were secured
to a copper block which was in lntiaate
contact with the central column of an
evacuated Dewar. The photonultlpllers,
the Ge(Li) detector, and electronic cir-
cuits are those routinely used at Brook-
haven National Laboratory.

RESULTS

Values for the short l ifetime component
ere plotted in Fig. 1 and the nitrogen
(low oxygen part ial pressure) anneals.
No large changes in 1C\ are evident.
The question of whether the data were f i t -
ted better with two or three l ifetimes is
examined in Table 1. The values of X^ are
improved by including a long l i fe t ime.
The resalnder of the values in this report
are based on this third component T3 being
included in the analys is . Typical values
are presented in Table 2 . The temperture
dependence of T3 and the intensity I3 are
i l lustrated in Fig. 2. Only about 207. of
the decays come from l i fet imes in the
v ic in i ty of 3S0 psec, and this l ifetime
value was insens i t ive to differing atmo-
sphere or temperature. I t was d i f f i cu l t
to extract an accurate value from the data
because of the proximity of the lifetime
associated with Kapton, namely 382 psec.
The value of the second component reported
by BertoUnclni e t a l . 1 1 and by Chiba e t
a l . 1 2 namely 3S3 and 3S0 psec, respec-
t ive ly , i s frequently associated with
annihilation in Lattice defects .

Concomitantly, the change in the shape
of the gamma ray peak was studied. The
changes observed in the S parameters for
the differing cation concentrations or
measurement temperatures were too smrll to
be of interest .

DISCUSSION

The present measurement of Tj for annihl-
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F i g . 1: Temperature dependence of bulk
l i f e t i m e of annealed NiO.

iation in the bulk Is consistent with the
value obtained by Kunz and Uaber^ who cal-
culated the positron and electron bands in
NiO using a Restricted Hartree-Fock forn-
alisa. The annihilation rate is propor-
tional to the overlap of the positron and
electron charge densities. By using the
band orbital for three high-syoaetry points
in the Brillouln Zone of NiO, the lifetime
was calculated to be ISO psec, (for the
lowest-energy point, (Z"i), 170 and 160
psec. It is probable that only the point
at the center of the Brilloium Zone is
occupied. The polaron model was used to
estimate correlation effects; the annihila-
tion rate was Increased by a multipliercive
factor (I + a). The constant is that used
in connection with the band electronic
structure of numerous alkali halides and
ionic crystals. This theortical value of
X\, namely ISO psec, agrees very well with
the experimental values reported herein.
However, other models fox dealing with cor-
relation have been presented,1**" and they
arc more nearly first-principles calcula-
tions.
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Fig. 2: Temperature dependence of longttst
lifetime and intensity I3.

Table 1. Comparison of Fitting Positron
Decay Data with Two and Three
Lifetimes : Values of Tj

Run Temp. Two Lifetimes Three Lifetimes

21
23

37

41

01
03
01

Room
Room

L i q .

"2
Liq .

"2

Room
Room
Room

X2

4.65
2.38

2.24

2.99

2.50
4.66
3.64

tl

112*6
129*5

117*6

115*6

113*8
111*7
106*8

h
84
84

72

72

72
72
74

1.54
0.89

0.97

1.02

1.05
1.34
1.04

136*3
140*2

154*4

154*4

153*7
153*4
148*2

II

86
85

77

78

77
7?
78

Kunz and tfaber16 used a computational pro-
cedure, similar to that used by Surrat and
Kunz*7 to study the adsorption of H at.
NiO, to investigate the trapping of a pos-
itron in the vacancy of NiO. They found
an eigenvalue of 8.1 eV and calculated a
lifetime of 280 psec.

The reported temperature dependence of an-
nihilation, l 8 in either NaCl or KC1 is also
small. The X^ of NaCl only increases by
about 13Z when i t is heated from 290 to
973°C and the other spectral components
(lifetimes and intensities) are virtually
unchanged. Cooling KC1 from 290 to 77 K
only Increased X\ by about 10%. The pres-
ent results for NiO agree with this trend.

One explanation of the third component is
Chat some of the positrons are being anni-
hilated within voids. It is not uncommon
to find vacancy clusters or voids in single
crystals of NIO by Transmission Electron
Microscopy as Sears19 and Dubols20 re-
ported.

In view of the large number of cation va-
cancies present in NiO and the large bind-
ing energy, It would s*em reasonable to
conclude that al l of the positrons are
trapped and they would not be expected to
become thermally detrapped at room tempera-
ture. Our results of 80S annihilations
with a lifetime of 150 pscc associated with
the bulk secas to refute this.

CONCLUSION

The shortest measured component of the
lifetime of positrons in NiO, namely ISO
psec, is in close agreement with tha value
calculated by Kunz and Vaber for annihila-
tion in the bulk to which we attribute the
majority of the annihilatlous. The second
component, near 350 psec, was difficult to
determine due to the proximity of the l i fe-
time of Kapton used in the positron source,
but Is similar to the theoretical value of
280 psec. It was Insensitive apparently to
changes in vacancy concentration.
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