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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 ®ptrameter 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-t&pe (62
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 cryp&1$63-182897)09001-3

I. INTRODUCTION move through the lattice by thermal hopping, such as small
polarons, are considered. In alkali halides, evidence for
Positron annihilation spectroscopPAS) is a sensitive Metastable self-trapped positronium formation has been
probe to investigate vacancy-like defects and the electronitéPorted " as well as positron annihilation models based on
distribution in metals and semiconductors. In ionic materiald©/aron  states” However, this particular annihilation
positron annihilation experiments are difficult to interpret be_scheme has not been investigated in simple oxides.
cause of the variety .of intg—:-ra_ction; that a thgrmalized posi- Il. EXPERIMENTAL METHOD
tron can experience in an ionic lattice. Combination of theo-
retical work and experiments are necessary to understand the The high purity MgO single crystals used were grown by
behavior of positrons in these materials. Oxide crystals wittihe arc-fusion technique at the Oak Ridge National Labora-
a simple crystalline structure are suitable media to exploréOfy-lg'he total impurity content is estimated to kel00
positron behavior in ionic crystals. Positron lifetime spectraPPm.™ Thermochemical reductiofCR) of the crystals was
in some of these oxides are simple enough to be decompos@§rformed at 2400 K in 7 atmospheres of ma@zesmm vapor
into one or two components, without a long-lived componentn @ tantalum chamber followed by rapid coolifig.”Subse-
attributable to positroniun{P9 state. These results are in Guént heat treatments of the TCR samples were made inside
contrast with those observed in complex oxides and alkal graphite container inserted in a horizontal furnace with

; : . owing high-purity nitrogen. Optical measurements were
halides, where the formation of Ps states is common anmade with a Perkin-Elmer 2000 FT-IR Spectrophotometer

their lifetime spectra are complex. The results in simple ox- far infrared, and a Perkin-Elmer Lambda 19 Spectropho-
ides are interpreted in terms of delocalized and trapped poébmeter ' P P
itron states, as it is commonly done in metals and semicon- Doppller—broadening measurements over the temperature
ductors. Calculations based on this scheme agree witlh,qe'16-300 K were carried out with the pair of samples
experimental data.In MgO single crystals, the theoretical nted inside a closed He cycle cryostat with the positron
bulk lifetime for positrons is 167 psin excellent agreement source sandwiched between the samples?a positron

. . 2 X X ’ .
with the experimental value of (1663) ps” _ source sealed between thin kapton foils was used. The anni-
~ Optical absorption and luminescence experiments, in comilation radiation was recorded with a stabilized Ge detector
junction with PAS, have previously been used to investigathaying an energy resolution of 1.62 keV at the 1.33 MeV
positron trapping at well-characterized defects in MgO. ltjine of Co. The Doppler-broadening of the 511 keV anni-
has been demonstrated that positronium hydtRisH and pilation peak was characterized in terms of the line shape
Ps states can be formed in thermochemically reduced hydrGsarameterS. This is defined as the count fraction in a 1.39
gen doped MgO crys.tai-’s. Low-temperature positron anni- ey window centered at the annihilation peak.
hilation experiments in MgO crystals, with or without hy- [ ifetime measurements were made between—1800 K
dride ions, are expected to give valuable information onyith the samples mounted in a liquid-nitrogen flow cryostat.

positron annihilation characteristics in ionic crystals basedy spectrometer with a time resoluticFWHM) of 235 ps
on temperature dependence of positron trapping. was used.

In the present study, low-temperature Doppler-broadening
and lifetime experiments were performed on high quality Ill. RESULTS AND DISCUSSION
MgO single crystals containing either impurity-compensated
cation vacancies, or anion vacancies. In Doppler-broadening
measurements, the temperature dependence of the line shapeln this section, using Doppler-broadening experiments,
parameterS is explained if self-trapped positrons, which we first considered the possibility that in as-grown MgO

A. As-grown crystals
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wherek is the Boltzmann constant adda numerical param-
- eter satisfyingAT %21,
The paramete$ can be described by

0.396

0w w1 e 0w S(T)=F(T)Si+ fs(T)Sst, @
Temperature (K) whereS; and S, are the S values for delocalized and self-
trapped states, respectively. Usi8g, S, A, ande as ad-

FIG. 1. Paramete® versus temperature for as-grown MgO crys- justable parameters, the dashed curve shown in Fig. 1 is the
tals. The resulting fits assumir{g) only lattice thermal expansion, best fit of Eq.(4) to the experimental points. The correspond-
(b) metastable self-trapping of positrons, &yl self-trapping and  ing values are $si— S;) = (2.95+ 0.06)% 1078,
positron trapping at defects, are represented by dotted, dashed, apd= (4.4-+0.3)x 10° K32 and €=(70+7) meV. It is clear
solid lines, respectively. that this model does not satisfactorily fit the experimental

points forT<120 K.

Next, positron trapping at defects was considered. In as-
crystals the observed temperature dependence of the paragrown MgO crystals, we know that there exist several
eterS is due to either lattice thermal expansion, or to metaimpurity-compensated cation vacancie¥-tiype centerg
stable self-trapped positron states. Secondly, complementargainly Vg,,, V,, andVg centers due to the inherent pres-
experiments are made to determine the mean positron lifeence of hydrogen, aluminum, and fluorine, respectivély.

time and its variation with temperature. Their linear configurations are correspondingly:
Figure 1 shows the variation of the parame3ewith tem-

perature. After an initial decline between 10 and 75 K, the Mg?* —OH™ —[Mg]— 0% —Mg?*

S parameter increased with temperature. In order to check if

the observed temperature dependence was due to thermal ARt —0?" —[Mg]— 0% —Mg?*

expansion of the lattice, an attempt was made to fit the ex-

perimental points to the following equatith Mg?* —F —[Mg]—0?" —Mg?".

Here[ Mg] refers to a magnesium vacancy. These defects are
_ T negatively charged with respect to the lattice and are strong
S(T)= SOEXp< f T05ﬁ (T)dT) ' (@) positron trap$:*® The atomic concentration was estimated to
be ~10 %17 If a hole is in the vicinity of each of the above
defects, its likely trapping site would be the?Oion adja-
cent to thg Mg], away from the impurity charge compensa-
"tor, thus forming an O ion.

Assuming positron trapping at V-type centers, three dif-
ferent positron states are considerégldelocalized or large
polaron states(ii) self-trapped or small polaron states, and
(iii) trapped states a¥-type centers. Positron trapping at
V-type centers was observed at room temperatiftet this
. émperature, the probability for the positron to be in a self-
1. Itis clear that the observed temperature dependence cm%‘raapped state is very high. Thus, transitions from both free

not be attributed to thermal expansion effect. .
Next, the possibility of a metastable self-trapped positronand self-trapped states to trapped states are included. The

; ; . model to fit the experimental points is depicted in Fig. 2. The
state with an energy above the free positron ground state is : . ; . :
. . X . mathematical expressions for this model are derived in the
considered. The free positron state is a delocalized polaro

like state, also called large polaron, and the metastable Serl%l_\ppendm. With the above assumptions the paramétes

trapped state is a small polaron-like state. The transitio? "o by

from a delocalized state to a self-trapped state is controlled _

by acoustic phonon coupling. The positron can be localized S(T)=PHT)St+Ps(T)Sst+ Py (T)S, 5
between two adjacent anion sites in the MgO lattice creatingvhere P¢(T), Ps(T), and P,(T) are the temperature-
a self-trapped state similar to a self-trapped hole, i.&/, a dependent fraction of positrons annihilating in delocalized,
center, in alkali and metal halides and in alkaline earthself-trapped, and trapped state, respectively, 8pd S,
fluorides®® The positron fractiond; in the delocalized state and S, the values of S for the respective states.
andf, in the self-trapped state are, respectively, giveh'By P:(T), Pg(T), and P,(T) are given by Eqgs(All). The

whered=V/S(dS/dV)p is the coefficient that gives the mag-
nitude of the volume effect on the parameter S
B(T)=1N(oV/JT)p is the volume thermal expansion coef-
ficient andTy is the lower measuring temperature. H§fés
the volume,T the temperature anid the pressure. Using for
B(T) the data reported in Ref. 14 for MgO, assumiég
independent off, and takings and S, as adjustable param-
eters, the best adjusted curve is the dotted line shown in Fi
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or anion vacancies.

FIG. 3. Trapping rates3 and «,; versus temperature for as-

temperature dependence Bf, Py, andP, are described 9roWn MgO. crystals..The .inset shows the variation of the self-
by the constants, A, AE, a, b, andc introduced in Eqs. @PPed positron fraction with temperature.
(3), (A14), (A15), and(A17).

The experimental values of the S parameter are fitted to
Eq.(5) with S, Sg, S,. A1, A, and the constants which remainder in delocalized stateB¢=0.1. Above 40 K,P,
give the temperature dependencePpf P, andP, as ad- drops steeply to a minimum at 95 K while the fraction of
justable parameters;; and\, are the annihilation rate for Positrons annihilated in self-trapped states,, rises to a
self-trapped and delocalized states, respectively. The soli@aximum.Pg, is higher thanP, in the temperature interval
curve in Fig. 1 shows the best fit. It describes very well the75— 155 K. At room temperature 60% of the positrons anni-
temperature dependence 8f The values of the adjustable hilate at V-type defects and the remainder annihilate in self-
parameters are given in Table I. From the values ofrapped states. Above-170 K no positrons annihilate in
e, A, AE, a, b, andc, the positron trapping rates from delocalized statesR;=0).
self-trappedk 3 and from delocalized states,;, as well as The lifetimes of delocalized positrons;=\; *, and self-
the positron fraction in self-trapped stafescan be obtained trapped positronsrst=x[1, can be determined from the fit-
by means of Eq9A15), (A17), and(3). Figure 3 shows the ting of Eq. (5); see Table I. The resulting mean value of
temperature dependencemof;, k.3, andfg;. The trapping 75=(169*=4) ps is in agreement with the lifetime value of
rate k,3 appears to be essentially temperature independent(166=3) ps previously reported for positrons annihilated in

Figure 4 depicts the fraction of positrons annihilated inthe bulk at room temperatufé® For r; a mean value of
each stateP;, Py, andP,, predicted by Eqs(All), asa (133+12) ps is obtained.
function of the temperature. Below 40 K, there is no self- The positron lifetime spectrum in the temperature range
trapping, Ps;=0. Further, 90% of the annihilated positrons 100—300 K appears to be single component and temperature
were in trapped states &-type defectsP,=0.9, and the independent, resulting in an observed lifetime between 173

TABLE |. Values of the adjustable parameters for as-grown and TCR MgO crystals. The values of the parameter
(12.0+0.4)x 10° K%2 and (7.3:0.2)x10° K% 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
C, (at™h [V']~107© [F]~5x107© [F]~4x1077 [F]~2x1077 [F]=1.8x107"
A t=7g (P9 167+4 166+ 5 171+ 2 170+ 3 172+4
Ny t=1p (p9) 131+17 135-4 134+ 16 130:12 135:6
(S,— ) X 107 5.62+0.06 6.79-0.04 6.80-0.14 6.2:0.4 6.77-0.06
(S, — Sq) X 10 0.81+0.03 5.31-0.09 5.30-0.08 5.4-0.6 5.32+0.07
e (meV) 55+ 7 65+ 6 66+3 60+5 62+4
AE (meV) 22+2 50+8 51+2 55+ 10 52+ 2
a (x10%s™ Y 5.7+ 0.6 3.4-0.5 1.90-0.15 1.64-0.06 1.4-0.2
b (x10°s™1) 67.1-1.5 - - - -
c (X101 26+7 - - - -
d(x11%2s™Y - ~23 ~13 ~13 ~11
e (X10%s™Y) - 2.81+0.03 1.57-0.06 1.35-0.04 1.210.07
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FIG. 4. Fractions of positrons annihilating in delocalized, FIG. 5. Paramete® versus temperature for TCR MgO crystals

self-trappedPg;, and trapped statB,, versus temperature for as- subsequently annealed at 1370 K for 5 min.
grown MgO.

ps and 190 ps. In this temperature range an estimate of tH%arameters.are given in Table I. The temper_ature dependence
mean positron lifetime can be made by of the trapping rates ;3 and«,3, and the fractiorfg,, given,

respectively, by Eqs(A15), (A18), and (3), are shown in
(6) Fig. 6. Below 60 K no self-trapping is observed. The posi-
tron fraction in delocalized state$;, is still significant at
room temperaturef¢~8 %). The trapping ratex,; is essen-
tially temperature independent.

Figure 7 depicts the fractionBs, Pg;, andP, of posi-
trons annihilated at each state. Even though the concentration
of F centers is very highP; is higher thanP, up to 190 K,
indicating thatF centers in TCR crystals are much less ef-
fective positron traps thawW-type centers in as-grown crys-

Thermochemical reductio(TCR) of hydrogen-free MgO  tals. This would explain why we have never observed trap-
crystals provides ideal ingredients to study positron trappinging saturation in MgO crystals with center concentrations
at oxygen vacancies. As indicated above, the TCR conditionas high as 10° at ~*.
were extremely severé:’? These conditions produce two  The lifetime measurements performed on the as-TCR
main results. First, oxygen vacancies are formed nonstcerystals in the temperature range 800 K gave two-
ichiometrically. Second, by virtue of mass action law, Cationcomponent spectra with a second lifetime component of
vacancies Y-type centersare correspondingly suppressed. ~225 ps attributed to positrons trappedratenters. Figure

Oxygen vacancies have two charge states, referred to as
F* andF centergwith one and two electrons, respectively
The optical absorption peaks of both bands coincide at 5.0
eV (250 nm.!® These vacancies are normally in tRestate,
unless excited with photons or charged particles, in which
case some conversion " will occur. At any rate, a heat
treatment at a moderate temperaturesQ0 K) will drive the
defects completely to th& state without annihilating the
vacancies. The atomic concentrationfofcenters was esti-
mated to be~10"¢ at~!. Successive anneals at high tem-
peratures in a reducing atmosphere decrease# ttencen-
tration (see Table)l ,

The temperature dependence of the parantteas mea- I ]
sured in a pair of TCR samples prior and after anneals in a )
reducing atmosphere. This experimental temperature depen- o 50 00 10 200 250 300
dence is adjusted to the model discussed in the previous Temperature (K)
section. Since in TCR samples the only effective positron
traps are the neutrdt centers, we use a different effective  FiG. 6. Trapping rates,; and «,; versus temperature for TCR
positron trapping rate, given by E¢A18) in the Appendix.  MgO crystals:(a) as-TCR(solid line) and after subsequent anneals
The model fits very satisfactorily the experimental temperaat (b) 1370 K for 5 min(dotted ling, and(c) 1470 K for 10 min
ture dependence & as shown in Fig. 5 for the TCR samples (dashed ling The inset shows the variation of the self-trapped pos-
annealed at 1370 K for 5 min. The values of the adjustablétron fraction with the temperature.

T_(T) = Pfo+ PStTSt+ Pv Ty -

Using the parameters obtained from the fit ana- 200
ps2 mean lifetime values of 179188 ps in the temperature
range 106-300 K are obtained from Ed6), in reasonable
agreement with the observed values.

B. TCR samples

1010 ¢ T T T T T T T T T T T 3
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FIG. 9. Total trapping ratecy= fsikiat (1—fsp) ko3 Versus
temperature for as-grown and TCR Mg@) As-TCR (solid line),
and after subsequent annealg@t1370 K for 5 min(dotted ling
and(c) 1470 K for 10 min(dashed ling

FIG. 7. Fractions of positrons annihilating in delocalized,
self-trappedPg;, and trapped state, versus temperature for TCR
MgO: (a) as-TCR(solid line) and after subsequent anneals(lait
1370 K for 5 min(dotted ling, and(c) 1470 K for 10 min(dashed
line).

8 shows the experimental temperature dependence of thgositrons above a certain threshold temperature. The energy
mean positron lifetime along with the dependence calculatetevel of these self-trapped stateses (62+5) meV above
by Eg.(6) using the parameters obtained from the fit of Eq.the energy of the ground delocalized states. The effective
(5), with 7,=225 ps. activation energy for the hopping process of self-trapped
Lastly, assuming that the total positron trapping rate apositrons,AE, were determined to be (222) meV and
defects iska= fsik1at frKo3, an apparent positron trap- (52+6) meV for as-grown and TCR samples, respectively;
ping coefficient u,p, can be obtained from the equation see Table I. This result indicates that the effective energy
Kiotal= Mapfcy - Figure 9 showscy as a function of tem- barrier controlling the thermal hopping of self-trapped posi-
perature for both as-grown and TCR MgO crystals. Usingirons depends on the type of defects present in the crystal.
the defect concentratio@, determined by optical absorption
measurements, and tHg,, «;3, and k,3 values given by

Egs. (A15), (A17), and(A18), apparent trappingtp, coef- ACKNOWLEDGMENTS
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4X 10_155_1 are found forV-type defects and centers, re- Direccion General de InvestigaaioCientfica y Tecnica of
spectively. Spain (Project No. PB91-0220and the Comunidad Au-
tonoma de MadridCAM). The research of Y.C. is an out-
IV. CONCLUSIONS growth of past investigations performed at the Oak Ridge

: National Laboratory.
The temperature dependence of the paran@ter MgO 4

is consistent with the existence of metastable self-trapped
APPENDIX

| TCR MgO . This appendix shows the derivation of the mathematical
expressions for the fraction of positrons annihilating in delo-
s + ++ ] calized, self-trapped, or trapped states from the three-state
+ + + + trapping model proposed in Sec. Il A and represented by the
o g diagram shown in Fig. 2. The rate equations are given by

175

T (ps)
h AY
“e-

165 | + +// - Ni(t)=—(\1+ KNy (),

160 e - - hz(t):_()\z"‘ K23)Ny(1), (A1)

0 50 100 150 200 250 300

Temperature (K) N3(t) = — A3gnz(t) + k131 (1) + k2gno(1),
FIG. 8. Mean positron lifetime versus temperature for as-TCRWheren; is the positron fraction in the state,\; the annihi-

MgO crystals. The dashed curve is the temperature dependentation rate, andk;; the transition rate from the state to the

predicted by Eq(6). j state; 1 denotes the metastable self-trapped state, 2 the
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delocalized state, and 3 the trapped state at defects. For metghere w13 and u,3 are the effective specific trapping rates
stable self-trapping of positrons, the initial conditions toper unit concentration for the transitions from the metastable

solve Eqgs(Al) are
Ny (0)=fg(T),

Ny (0)=f(T)=1—1f5(T), (A2)

n3(0)=0,

according to the discussion of Sec. Il A is given by Eq.
(3).

Solving the equation systeiA1) with the above initial
conditions, the positron fraction in the sampiét), is given

by
n(t)=ny(t)+ny(t) +ng(t)

:I|ei}\|t+|||ei)\”t+||||e7>\|”t. (A3)
Here
A =Nat Koz, (A4)
)\|:)\1+K13, (AS)
N =\g (A6)
and

AN — Nt K3
I =fg——mmm, A7
=l TN (A7)

N — A+ ko3
ly=f ——m, A8
n=h N, (A8)

feroa( N =Ny )+ Fapcia( N — N

_ P QSR STID R ST L O.NTRap NTTD)! (A9)

. N =N (N —Ayp)

The fraction of positrons annihilated in eaglstate will
be

Pi:f Ajnj(Hdt;  j=1, 2, and 3. (A10)
0

Denoting the fraction of positrons annihilated in self-

trapped, delocalized, and trapped statesHyy, P;, and
P, , respectively, we have

PPy = f et

st— M1 St)\l+K13’
A

P=P,=f—2>— (A11)
)\2+K23

P,=P3=1—P;—P,.

The trapping rateg,; and«,3in Eqg. (A11) can be written
as

K13= p13C, (A12)

K3~ M23Cy (A13)

self-trapped to the trapped state, and from the delocalized to
the trapped state, respectivel{C, is the temperature-
independent atomic concentration of defects.

M13 IS governed by the motion of self-trapped positrons
through the lattice. According to Seed@rthe motion of
self-trapped positrons can be treated as a thermally activated
hopping process between two adjacent interstitial sites simi-
lar to the process described for self-trapped holes in some
ionic crystals. Norgett and Stoneh&hhave proposed a tem-
perature dependence for this hopping rate given by

[ 1 —AE
“n* NiTag®™ A kT )

whereAE is the activation energy for hopping. The effective
trapping coefficientuq5 is proportional towy,. Thus, for
k13 We assume the following temperature dependence

1 —AE
“mANTae™ A kT )

wherea is a constant that contains the defect concentration
C,, the lattice parameter and the matrix element for the
transition. The latter is considered to be constant because of
the simple symmetry of the MgO latti¢é.

Next, a temperature dependence ggg is discussed. Free
positron trapping at lattice defects is controlled by two pro-
cesses: the positron diffusion to the defect and the subse-
guent transition from the free to the trapped state. For ther-
malized positrons, steadily distributed in a crystal, the
effective specific trapping rate can be expressed as a phe-
nomenological trapping coefficient given by*%

(A14)

(A15)

-1
) (Al6)

1 1
_ 4 —

=
MD  MT

where up and wt are the diffusion-limited and transition-
limited specific trapping rate, respectively. Thus, we assume
M23= M.

Since the positron mobility at low temperature is limited
by phonon scattering, according to Seéfiehe expected
temperature dependence fof, is «T~ Y2 The temperature
dependence ofit is determined by the trapping mechanism
and the charge state of the defect; to our knowledge, this
dependence has not been investigated for vacancies in ionic
crystals. For vacancies in metals is temperature indepen-
dent. However, this is not the case for wide-band gap mate-
rials, because the mechanism of energy transfer depends on
the gap widt?* Calculations in semiconductors indicate that
for negative vacancies the temperature dependenge; i
«T~12 regardless of the trapping mechanism considered.
For neutral vacancieg.t is temperature independent in
wide-gap crystalé? These two temperature dependences of
ut are assumed for negative and neutral vacancies in MgO
crystals, i.e.Vgy centers andr centers, respectively. Using
the previously described temperature dependenge,oénd
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pt in EQ. (A16), and insertingu,3= w into Eg. (A13), the

following temperature dependences are obtained for the trap-

ping rates
c
K93= b+ \/_? (Al?)

for Vg, centers in as-grown MgO crystals, and
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de

Kp3= drevT (A18)

for F centers in TCR MgO crystals. In the latter two equa-
tionsb, ¢, d, ande are parameters proportional to the de-
fect concentratiorC, .
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