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Metastable self-trapping of positrons in MgO
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Low-temperature positron annihilation measurements have been performed on MgO single crystals contain-
ing either cation or anion vacancies. The temperature dependence of theS parameter is explained in terms of
metastable self-trapped positrons which thermally hop through the crystal lattice. The experimental results are
analyzed using a three-state trapping model assuming transitions from both delocalized and self-trapped states
to deep trapped states at vacancies. The energy level of the self-trapped state was determined to be (6265)
meV above the delocalized state. The activation enthalpy for the hopping process of self-trapped positrons
appears to depend on the kind of defect present in the crystals.@S0163-1829~97!09001-2#
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I. INTRODUCTION

Positron annihilation spectroscopy~PAS! is a sensitive
probe to investigate vacancy-like defects and the electro
distribution in metals and semiconductors. In ionic materi
positron annihilation experiments are difficult to interpret b
cause of the variety of interactions that a thermalized p
tron can experience in an ionic lattice. Combination of the
retical work and experiments are necessary to understan
behavior of positrons in these materials. Oxide crystals w
a simple crystalline structure are suitable media to exp
positron behavior in ionic crystals. Positron lifetime spec
in some of these oxides are simple enough to be decomp
into one or two components, without a long-lived compon
attributable to positronium~Ps! state. These results are
contrast with those observed in complex oxides and al
halides, where the formation of Ps states is common
their lifetime spectra are complex. The results in simple
ides are interpreted in terms of delocalized and trapped
itron states, as it is commonly done in metals and semic
ductors. Calculations based on this scheme agree
experimental data.1 In MgO single crystals, the theoretica
bulk lifetime for positrons is 167 ps,1 in excellent agreemen
with the experimental value of (16663) ps.2

Optical absorption and luminescence experiments, in c
junction with PAS, have previously been used to investig
positron trapping at well-characterized defects in MgO.
has been demonstrated that positronium hydride~PsH! and
Ps states can be formed in thermochemically reduced hy
gen doped MgO crystals.3,4 Low-temperature positron ann
hilation experiments in MgO crystals, with or without hy
dride ions, are expected to give valuable information
positron annihilation characteristics in ionic crystals bas
on temperature dependence of positron trapping.

In the present study, low-temperature Doppler-broaden
and lifetime experiments were performed on high qua
MgO single crystals containing either impurity-compensa
cation vacancies, or anion vacancies. In Doppler-broade
measurements, the temperature dependence of the line s
parameterS is explained if self-trapped positrons, whic
550163-1829/97/55~1!/243~7!/$10.00
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move through the lattice by thermal hopping, such as sm
polarons, are considered. In alkali halides, evidence
metastable self-trapped positronium formation has b
reported5–7 as well as positron annihilation models based
polaron states.8,9 However, this particular annihilation
scheme has not been investigated in simple oxides.

II. EXPERIMENTAL METHOD

The high purity MgO single crystals used were grown
the arc-fusion technique at the Oak Ridge National Labo
tory. The total impurity content is estimated to be,100
ppm.10 Thermochemical reduction~TCR! of the crystals was
performed at 2400 K in 7 atmospheres of magnesium va
in a tantalum chamber followed by rapid cooling.11,12Subse-
quent heat treatments of the TCR samples were made in
a graphite container inserted in a horizontal furnace w
flowing high-purity nitrogen. Optical measurements we
made with a Perkin-Elmer 2000 FT-IR Spectrophotome
~far infrared!, and a Perkin-Elmer Lambda 19 Spectroph
tometer.

Doppler-broadening measurements over the tempera
range 102300 K were carried out with the pair of sample
mounted inside a closed He cycle cryostat with the posit
source sandwiched between the samples. A22Na positron
source sealed between thin kapton foils was used. The a
hilation radiation was recorded with a stabilized Ge detec
having an energy resolution of 1.62 keV at the 1.33 M
line of 60Co. The Doppler-broadening of the 511 keV ann
hilation peak was characterized in terms of the line sh
parameterS. This is defined as the count fraction in a 1.3
keV window centered at the annihilation peak.

Lifetime measurements were made between 1002300 K
with the samples mounted in a liquid-nitrogen flow cryost
A spectrometer with a time resolution~FWHM! of 235 ps
was used.

III. RESULTS AND DISCUSSION

A. As-grown crystals

In this section, using Doppler-broadening experimen
we first considered the possibility that in as-grown Mg
243 © 1997 The American Physical Society
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crystals the observed temperature dependence of the pa
eterS is due to either lattice thermal expansion, or to me
stable self-trapped positron states. Secondly, complemen
experiments are made to determine the mean positron
time and its variation with temperature.

Figure 1 shows the variation of the parameterSwith tem-
perature. After an initial decline between 10 and 75 K,
S parameter increased with temperature. In order to chec
the observed temperature dependence was due to the
expansion of the lattice, an attempt was made to fit the
perimental points to the following equation13

S~T!5S0expS E
T0

T

db~T!dTD , ~1!

whered5V/S(]S/]V)P is the coefficient that gives the mag
nitude of the volume effect on the parameter
b(T)51/V(]V/]T)P is the volume thermal expansion coe
ficient andT0 is the lower measuring temperature. HereV is
the volume,T the temperature andP the pressure. Using fo
b(T) the data reported in Ref. 14 for MgO, assumingd
independent ofT, and takingd andS0 as adjustable param
eters, the best adjusted curve is the dotted line shown in
1. It is clear that the observed temperature dependence c
not be attributed to thermal expansion effect.

Next, the possibility of a metastable self-trapped posit
state with an energye above the free positron ground state
considered. The free positron state is a delocalized pola
like state, also called large polaron, and the metastable
trapped state is a small polaron-like state. The transi
from a delocalized state to a self-trapped state is contro
by acoustic phonon coupling. The positron can be locali
between two adjacent anion sites in the MgO lattice crea
a self-trapped state similar to a self-trapped hole, i.e., aVk
center, in alkali and metal halides and in alkaline ea
fluorides.15 The positron fractionsf f in the delocalized state
and f st in the self-trapped state are, respectively, given by

5,16

FIG. 1. ParameterS versus temperature for as-grown MgO cry
tals. The resulting fits assuming~a! only lattice thermal expansion
~b! metastable self-trapping of positrons, and~c! self-trapping and
positron trapping at defects, are represented by dotted, dashed
solid lines, respectively.
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f f~T!5
1

11AT23/2expS 2
e

kTD
, ~2!

f st~T!5@12 f f~T!#5
1

11A21T3/2expS e

kTD
, ~3!

wherek is the Boltzmann constant andA a numerical param-
eter satisfyingAT23/2@1.

The parameterS can be described by

S~T!5 f f~T!Sf1 f st~T!Sst , ~4!

whereSf andSst are the S values for delocalized and se
trapped states, respectively. UsingSf , Sst , A, ande as ad-
justable parameters, the dashed curve shown in Fig. 1 is
best fit of Eq.~4! to the experimental points. The correspon
ing values are (Sst2Sf)5(2.9560.06)31023,
A5(4.460.3)3105 K 3/2, and e5(7067) meV. It is clear
that this model does not satisfactorily fit the experimen
points forT,120 K.

Next, positron trapping at defects was considered. In
grown MgO crystals, we know that there exist seve
impurity-compensated cation vacancies (V-type centers!,
mainly VOH

2 , VAl
2 , andVF

2 centers due to the inherent pre
ence of hydrogen, aluminum, and fluorine, respectively17

Their linear configurations are correspondingly:

Mg212OH22@Mg#2O222Mg21

Al312O222@Mg#2O222Mg21

Mg212F22@Mg#2O222Mg21.

Here@Mg# refers to a magnesium vacancy. These defects
negatively charged with respect to the lattice and are str
positron traps.2,18 The atomic concentration was estimated
be;1026.17 If a hole is in the vicinity of each of the abov
defects, its likely trapping site would be the O22 ion adja-
cent to the@Mg], away from the impurity charge compens
tor, thus forming an O2 ion.

Assuming positron trapping at V-type centers, three d
ferent positron states are considered:~i! delocalized or large
polaron states,~ii ! self-trapped or small polaron states, a
~iii ! trapped states atV-type centers. Positron trapping a
V-type centers was observed at room temperature;2,18 at this
temperature, the probability for the positron to be in a se
trapped state is very high. Thus, transitions from both f
and self-trapped states to trapped states are included.
model to fit the experimental points is depicted in Fig. 2. T
mathematical expressions for this model are derived in
Appendix. With the above assumptions the parameterS is
given by

S~T!5Pf~T!Sf1Pst~T!Sst1Pv~T!Sv , ~5!

where Pf(T), Pst(T), and Pv(T) are the temperature
dependent fraction of positrons annihilating in delocalize
self-trapped, and trapped state, respectively, andSf , Sst ,
and Sv the values of S for the respective state
Pf(T), Pst(T), and Pv(T) are given by Eqs.~A11!. The

and
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55 245METASTABLE SELF-TRAPPING OF POSITRONS IN MgO
temperature dependence ofPf , Pst , andPv are described
by the constantse, A, DE, a, b, andc introduced in Eqs.
~3!, ~A14!, ~A15!, and~A17!.

The experimental values of the S parameter are fitted
Eq. ~5! with Sf , Sst , Sv , l1 , l2, and the constants whic
give the temperature dependence ofPf , Pst , andPv as ad-
justable parameters;l1 andl2 are the annihilation rate fo
self-trapped and delocalized states, respectively. The s
curve in Fig. 1 shows the best fit. It describes very well
temperature dependence ofS. The values of the adjustabl
parameters are given in Table I. From the values
e, A, DE, a, b, and c, the positron trapping rates from
self-trappedk13 and from delocalized statesk23, as well as
the positron fraction in self-trapped statesf st can be obtained
by means of Eqs.~A15!, ~A17!, and~3!. Figure 3 shows the
temperature dependence ofk13, k23, and f st . The trapping
ratek23 appears to be essentially temperature independe

Figure 4 depicts the fraction of positrons annihilated
each state,Pf , Pst , andPv , predicted by Eqs.~A11!, as a
function of the temperature. Below 40 K, there is no se
trapping,Pst50. Further, 90% of the annihilated positron
were in trapped states atV-type defects,Pv50.9, and the

FIG. 2. Positron state scheme in MgO containing either ca
or anion vacancies.
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remainder in delocalized states,Pf50.1. Above 40 K,Pv
drops steeply to a minimum at 95 K while the fraction
positrons annihilated in self-trapped states,Pst , rises to a
maximum.Pst is higher thanPv in the temperature interva
752155 K. At room temperature 60% of the positrons an
hilate at V-type defects and the remainder annihilate in s
trapped states. Above;170 K no positrons annihilate in
delocalized states (Pf50).

The lifetimes of delocalized positrons,t f5l2
21, and self-

trapped positrons,tst5l1
21, can be determined from the fit

ting of Eq. ~5!; see Table I. The resulting mean value
tst5(16964) ps is in agreement with the lifetime value o
(16663) ps previously reported for positrons annihilated
the bulk at room temperature.2,18 For t f a mean value of
(133612) ps is obtained.

The positron lifetime spectrum in the temperature ran
1002300 K appears to be single component and tempera
independent, resulting in an observed lifetime between

n

FIG. 3. Trapping ratesk13 and k23 versus temperature for as
grown MgO crystals. The inset shows the variation of the se
trapped positron fraction with temperature.
TABLE I. Values of the adjustable parameters for as-grown and TCR MgO crystals. The values of the parameterA are
(12.060.4)3105 K3/2 and (7.360.2)3105 K3/2 for the as-grown and TCR samples, respectively.

TCR samples

As-grown Annealed

samples as-TCR 5 min 1370 K 10 min 1370 K 10 min 1470 K

Cv ~at21) @V2#;1026 @F#;531026 @F#;431027 @F#;231027 @F#51.831027

l1
215tst ~ps! 16764 16665 17162 17063 17264

l2
215t f ~ps! 131617 13564 134616 130612 13566

(Sv2Sf)3102 5.6260.06 6.7960.04 6.8060.14 6.260.4 6.7760.06
(Sv2Sst)3102 0.8160.03 5.3160.09 5.3060.08 5.460.6 5.3260.07
e ~meV! 5567 6566 6663 6065 6264
DE ~meV! 2262 5068 5162 55610 5262
a (3108s21) 5.760.6 3.460.5 1.9060.15 1.6460.06 1.460.2
b (3109s21) 67.161.5 2 2 2 2

c (3109s21) 2667 2 2 2 2

d (31112 s21) 2 ;23 ;13 ;13 ;11
e (3109s21) 2 2.8160.03 1.5760.06 1.3560.04 1.2160.07
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ps and 190 ps. In this temperature range an estimate o
mean positron lifetime can be made by

t̄~T!5Pft f1Psttst1Pvtv . ~6!

Using the parameters obtained from the fit andtv5200
ps,2 mean lifetime values of 1792188 ps in the temperatur
range 1002300 K are obtained from Eq.~6!, in reasonable
agreement with the observed values.

B. TCR samples

Thermochemical reduction~TCR! of hydrogen-free MgO
crystals provides ideal ingredients to study positron trapp
at oxygen vacancies. As indicated above, the TCR condit
were extremely severe.11,12 These conditions produce tw
main results. First, oxygen vacancies are formed non
ichiometrically. Second, by virtue of mass action law, cati
vacancies (V-type centers! are correspondingly suppressed

Oxygen vacancies have two charge states, referred t
F1 andF centers~with one and two electrons, respectively!.
The optical absorption peaks of both bands coincide at
eV (250 nm!.19 These vacancies are normally in theF state,
unless excited with photons or charged particles, in wh
case some conversion toF1 will occur. At any rate, a hea
treatment at a moderate temperature (;500 K! will drive the
defects completely to theF state without annihilating the
vacancies. The atomic concentration ofF centers was esti
mated to be;1026 at21. Successive anneals at high tem
peratures in a reducing atmosphere decreased theF concen-
tration ~see Table I!.

The temperature dependence of the parameterSwas mea-
sured in a pair of TCR samples prior and after anneals
reducing atmosphere. This experimental temperature de
dence is adjusted to the model discussed in the prev
section. Since in TCR samples the only effective posit
traps are the neutralF centers, we use a different effectiv
positron trapping rate, given by Eq.~A18! in the Appendix.
The model fits very satisfactorily the experimental tempe
ture dependence ofS as shown in Fig. 5 for the TCR sample
annealed at 1370 K for 5 min. The values of the adjusta

FIG. 4. Fractions of positrons annihilating in delocalizedPf ,
self-trappedPst , and trapped statePv , versus temperature for as
grown MgO.
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parameters are given in Table I. The temperature depend
of the trapping ratesk13 andk23, and the fractionf st , given,
respectively, by Eqs.~A15!, ~A18!, and ~3!, are shown in
Fig. 6. Below 60 K no self-trapping is observed. The po
tron fraction in delocalized states,f f , is still significant at
room temperature (f f;8 %!. The trapping ratek23 is essen-
tially temperature independent.

Figure 7 depicts the fractionsPf , Pst , andPv of posi-
trons annihilated at each state. Even though the concentra
of F centers is very high,Pf is higher thanPv up to 190 K,
indicating thatF centers in TCR crystals are much less e
fective positron traps thanV-type centers in as-grown crys
tals. This would explain why we have never observed tr
ping saturation in MgO crystals withF center concentrations
as high as 1025 at 21.

The lifetime measurements performed on the as-T
crystals in the temperature range 1002300 K gave two-
component spectra with a second lifetime component
;225 ps attributed to positrons trapped atF centers. Figure

FIG. 5. ParameterS versus temperature for TCR MgO crysta
subsequently annealed at 1370 K for 5 min.

FIG. 6. Trapping ratesk13 andk23 versus temperature for TCR
MgO crystals:~a! as-TCR~solid line! and after subsequent annea
at ~b! 1370 K for 5 min~dotted line!, and ~c! 1470 K for 10 min
~dashed line!. The inset shows the variation of the self-trapped p
itron fraction with the temperature.
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55 247METASTABLE SELF-TRAPPING OF POSITRONS IN MgO
8 shows the experimental temperature dependence of
mean positron lifetime along with the dependence calcula
by Eq. ~6! using the parameters obtained from the fit of E
~5!, with tv5225 ps.

Lastly, assuming that the total positron trapping rate
defects isk total5 f stk131 f fk23, an apparent positron trap
ping coefficientmapp can be obtained from the equatio
k total5mappCv . Figure 9 showsk total as a function of tem-
perature for both as-grown and TCR MgO crystals. Us
the defect concentrationCv determined by optical absorptio
measurements, and thef st , k13, and k23 values given by
Eqs. ~A15!, ~A17!, and ~A18!, apparent trappingmapp coef-
ficients at room temperature of;131016s21 and
431015s21 are found forV-type defects andF centers, re-
spectively.

IV. CONCLUSIONS

The temperature dependence of the parameterS in MgO
is consistent with the existence of metastable self-trap

FIG. 7. Fractions of positrons annihilating in delocalizedPf ,
self-trappedPst , and trapped statePv versus temperature for TCR
MgO: ~a! as-TCR~solid line! and after subsequent anneals at~b!
1370 K for 5 min~dotted line!, and~c! 1470 K for 10 min~dashed
line!.

FIG. 8. Mean positron lifetime versus temperature for as-T
MgO crystals. The dashed curve is the temperature depend
predicted by Eq.~6!.
he
d
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positrons above a certain threshold temperature. The en
level of these self-trapped states ise5(6265) meV above
the energy of the ground delocalized states. The effec
activation energy for the hopping process of self-trapp
positrons,DE, were determined to be (2262) meV and
(5266) meV for as-grown and TCR samples, respective
see Table I. This result indicates that the effective ene
barrier controlling the thermal hopping of self-trapped po
trons depends on the type of defects present in the crys
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APPENDIX

This appendix shows the derivation of the mathemati
expressions for the fraction of positrons annihilating in de
calized, self-trapped, or trapped states from the three-s
trapping model proposed in Sec. III A and represented by
diagram shown in Fig. 2. The rate equations are given b

ṅ1~ t !52~l11k13!n1~ t !,

ṅ2~ t !52~l21k23!n2~ t !, ~A1!

ṅ3~ t !52l3n3~ t !1k13n1~ t !1k23n2~ t !,

whereni is the positron fraction in thei state,l i the annihi-
lation rate, andk i j the transition rate from thei state to the
j state; 1 denotes the metastable self-trapped state, 2
ce

FIG. 9. Total trapping ratek total5 f stk131(12 f st)k23 versus
temperature for as-grown and TCR MgO.~a! As-TCR ~solid line!,
and after subsequent anneals at~b! 1370 K for 5 min~dotted line!
and ~c! 1470 K for 10 min~dashed line!.
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248 55M. A. MONGE, R. PAREJA, R. GONZA´ LEZ, AND Y. CHEN
delocalized state, and 3 the trapped state at defects. For m
stable self-trapping of positrons, the initial conditions
solve Eqs.~A1! are

n1~0!5 f st~T!,

n2~0!5 f f~T!512 f st~T!, ~A2!

n3~0!50,

according to the discussion of Sec. III A,f st is given by Eq.
~3!.

Solving the equation system~A1! with the above initial
conditions, the positron fraction in the sample,n(t), is given
by

n~ t !5n1~ t !1n2~ t !1n3~ t !

5I Ie
2l I t1I II e

2l II t1I III e
2l III t. ~A3!

Here

l II5l21k23, ~A4!

l I5l11k13, ~A5!

l III 5l3 ~A6!

and

I I5 f st
l III 2l I1k13

l III 2l I
, ~A7!

I II5 f f
l III 2l II1k23

l III 2l II
, ~A8!

I III 5
f fk23~l I2l III !1 f stk13~l II2l III !

~l III 2l I !~l III 2l II !
. ~A9!

The fraction of positrons annihilated in eachj state will
be

Pj5E
0

`

l jnj~ t !dt; j51, 2, and 3. ~A10!

Denoting the fraction of positrons annihilated in se
trapped, delocalized, and trapped states byPst , Pf , and
Pv , respectively, we have

Pst[P15 f st
l1

l11k13
,

Pf[P25 f f
l2

l21k23
, ~A11!

Pv[P3512Pf2Pst .

The trapping ratesk13 andk23 in Eq. ~A11! can be written
as

k135m13Cv , ~A12!

k235m23Cv , ~A13!
ta-wherem13 andm23 are the effective specific trapping rate
per unit concentration for the transitions from the metasta
self-trapped to the trapped state, and from the delocalize
the trapped state, respectively.Cv is the temperature-
independent atomic concentration of defects.

m13 is governed by the motion of self-trapped positro
through the lattice. According to Seeger,20 the motion of
self-trapped positrons can be treated as a thermally activ
hopping process between two adjacent interstitial sites s
lar to the process described for self-trapped holes in so
ionic crystals. Norgett and Stoneham21 have proposed a tem
perature dependence for this hopping rate given by

vh}A 1

kTDE
expS 2DE

kT D , ~A14!

whereDE is the activation energy for hopping. The effectiv
trapping coefficientm13 is proportional tovh . Thus, for
k13 we assume the following temperature dependence

k135aA 1

kTDE
expS 2DE

kT D , ~A15!

wherea is a constant that contains the defect concentra
Cv , the lattice parameter and the matrix element for
transition. The latter is considered to be constant becaus
the simple symmetry of the MgO lattice.21

Next, a temperature dependence form23 is discussed. Free
positron trapping at lattice defects is controlled by two p
cesses: the positron diffusion to the defect and the su
quent transition from the free to the trapped state. For th
malized positrons, steadily distributed in a crystal, t
effective specific trapping rate can be expressed as a
nomenological trapping coefficientm given by22,23

m5S 1

mD
1

1

mT
D 21

, ~A16!

wheremD and mT are the diffusion-limited and transition
limited specific trapping rate, respectively. Thus, we assu
m235m.

Since the positron mobility at low temperature is limite
by phonon scattering, according to Seeger16 the expected
temperature dependence formD is }T21/2. The temperature
dependence ofmT is determined by the trapping mechanis
and the charge state of the defect; to our knowledge,
dependence has not been investigated for vacancies in
crystals. For vacancies in metalsmT is temperature indepen
dent. However, this is not the case for wide-band gap m
rials, because the mechanism of energy transfer depend
the gap width.24 Calculations in semiconductors indicate th
for negative vacancies the temperature dependence ofmT is
}T21/2 regardless of the trapping mechanism consider
For neutral vacanciesmT is temperature independent i
wide-gap crystals.24 These two temperature dependences
mT are assumed for negative and neutral vacancies in M
crystals, i.e.,VOH

2 centers andF centers, respectively. Usin
the previously described temperature dependence ofmD and
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mT in Eq. ~A16!, and insertingm235m into Eq. ~A13!, the
following temperature dependences are obtained for the t
ping rates

k235b1
c

AT
~A17!

for VOH
2 centers in as-grown MgO crystals, and
n

an

ys
p- k235
de

d1eAT
~A18!

for F centers in TCR MgO crystals. In the latter two equ
tions b, c, d, ande are parameters proportional to the d
fect concentrationCv .
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