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Universality of the Bond-Breaking Mechanism in Defect Bistability: Observation
of Open Volume in the Deep States of In and Ga inCdF2
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Positron annihilation experiments reveal an open-volume defect in the deep state atomic config
tions of bistable donors In and Ga in CdF2. The size of the open volume is at least half of a monova-
cancy. The results are similar to those obtained previously for theDX centers in the covalent system
Al xGa12xAs. It is therefore likely that the bond-breaking mechanism (substitutional to interstitial atom
motion) responsible for metastability of point defects in covalent semiconductors is more universal a
its validity extends to highly ionic compounds, similar to CdF2. [S0031-9007(99)08958-9]

PACS numbers: 61.72.Ji, 61.72.Bb, 71.55.Ht, 78.70.Bj
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Bistable centers are some of the most fascinating po
defects in solids. The charge carriers are captured
these either on localized orbits or in effective mass bou
states. The two types of states are separated by a vibro
barrier causing metastability of the shallower effectiv
mass state at low temperature. Such defects are fo
from highly covalent (e.g., Si in AlxGa12xAs [1]) to highly
ionic crystals (e.g., Ga and In in CdF2 [2]). In spite of
the very different nature of the bonds in these crysta
bistable defects exhibit largely similar properties. Th
origin of the metastability is usually attributed to a larg
lattice relaxation taking place in the transition between t
states [3]. In covalent hosts, the bond-breaking mechan
in which atoms change lattice position (e.g., substitution
to interstitial) is responsible for the metastability [4
This mechanism, being a characteristic feature of thesp3

bonded defects, was hard to believe as dominant in io
hosts such as doped CdF2. It was therefore proposed [5]
that metastability in these crystals comes simply from
large inward relaxation of neighboring anions upon eith
ionization or the electron phototransfer to the effectiv
mass delocalized hydrogenic bound states of the don
This intuitive model got later support from theoretica
computations by Songet al. [6].

The revival of interest in bistable defects came recen
after a series of papers showing that semiconductors do
with such defects are very efficient media for the storage
holograms [7]. Apparently CdF2 crystals doped with Ga
[8] are the most promising hosts for this application as t
metastability of Ga donors occurs already close to roo
temperature (about 250 K). After this discovery, new e
periments showed that bistable donors in CdF2 crystals
form a negative-U system and thus the ground state
these donors is in fact a two-electron state [9,10]. La
tice relaxation involved in the formation of a two-electro
state and the metastability may thus be more complex th
just a symmetric collapse, as originally suggested. Suc
conclusion emerged also from a very recent observation
a macroscopic metastable lattice shrinkage of CdF2 crys-
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tals doped with In [11]. Interestingly, most recent theoret
cal computations of the defect structure of donors in the
crystals also suggest a possibility of negative-U [12] and
nonsymmetric lattice relaxation with even a substitutiona
to interstitial dopant motion [13]. Such a relaxation would
invariably produce a cationic vacancy, which most easi
could be observed by positron annihilation spectroscopy

Positron annihilation is a well-established method t
study vacancy-type defects in solids [14,15]. Positrons g
trapped at negative and neutral vacancies due to the mi
ing positive ion core. In a vacancy, the electron density
lower than in the lattice which leads to an increase in th
positron lifetime and narrowing of the momentum distri
bution of the annihilating electron-positron pairs. Among
the most exciting discoveries are the direct observations
vacancy-type defects related to the EL2 in GaAs and th
DX center in AlxGa12xAs [16,17].

In this Letter, we report the first direct experimenta
evidence on an open-volume defect related to the de
state atomic configurations of In and Ga bistable dono
in CdF2. The positron results on the bistable center
in CdF2 are analogous to those on theDX center in
Al xGa12xAs. Hence, they show unexpected universalit
of the bond-breaking mechanism of the bistability o
defects in semiconductors.

Two standard positron annihilation techniques wer
used in this work: conventional positron lifetime and
Doppler-broadening measurements [14,15]. Two iden
tical sample pieces were sandwiched around a22NaCl
positron source of20 50 mCi. The positron lifetime spec-
tra were measured with fast-fast spectrometers whose tim
resolutions were 210–250 ps (FWHM). No significan
positronium formation was observed in the samples. Th
Doppler-broadening data were collected with a high
purity Ge detector whose energy resolution was 1.3 ke
at 511 keV. The annihilation line shape was characterize
with the conventional low electron-momentum paramete
S which mainly describes annihilations with valence
electrons [14]. It was calculated as the fraction of coun
© 1999 The American Physical Society
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in the energy intervaljEg 511 keVj , 0.7 keV. When
positrons annihilate at vacancies,S parameter increases
because the Doppler broadening of the annihilation lin
decreases due to lower electron momenta at vacancies.
be able to vary the state of the bistable defects, the samp
were mounted into an optical cryostat (T  8 350 K).
The sample illumination was performed with monochro
matic light (hn  1 4 eV, photon flux.1012 cm22 s21).
(For technical details, see Ref. [18].)

The bulk CdF2 crystals were grown by the modified
Bridgman method. Two of the samples (#1 and #2) we
doped with Ga, one (#3) with In, and one (#4) with Y
(concentrations were in the range1018 1019 cm23). All
of the samples were annealed in reducing Cd atmosph
to remove compensating F interstitials. Sample #2 w
annealed more thoroughly than sample #1 to vary the co
centration of bistable defects in the samples. The Y dop
sample was suitable as a reference since Y is a sim
effective mass shallow donor in CdF2 crystals [2].

The average positron lifetime results, measured in da
ness from 10 to 300 K, are shown in Fig. 1. Whe
positrons are trapped at open volume defects, the aver
lifetime tav increases compared with the valuetbulk in the
lattice. In all of our samples, the lowest average lifetime
were measured at temperatures below 50 K. Raising
sample temperature towards room temperature leads to
increase of 5–15 ps in the lifetime values depending on t
sample. The most natural explanation for this temperatu
dependence is positron trapping at two different types
point defects: some open-volume defects and some ne
tive centers without any open volume [14]. At low tem
peratures, a considerable fraction of positrons gets trapp
at negative ion-type defects, which prevents them from g
ting trapped at vacancies. Above 60 K, positrons are ab

FIG. 1. The average positron lifetime in darkness as
function of the measurement temperature. The solid lines a
guides to the eye.
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to escape from the shallow state around the negative io
which enhances trapping at vacancies, i.e., increases
average lifetime.

In a recent theoretical work, Mattilaet al. performed
ab initio calculations on the formation energies of poi
defects in CdF2 [12]. They suggest that inn-type material
the Cd vacancy is the most abundant vacancy defect.
shown, we observe native vacancies in Y, Ga, and In do
material and it is thus natural to attribute them toVCd.
In addition, the calculations [12] confirm the traditiona
assumption that F interstitials are abundantly formed
negatively charged compensating defects inn-type CdF2.
The positron data indicates the presence of negative i
in Y, Ga, and In doped crystals. These defects are m
probably the F interstitials.

The key experiment concerning defect bistability is
study whether illumination has an influence upon positr
trapping. Illumination is known to induce deep-shallo
transition of the bistable centers [2]. A most pronounc
effect is observed in both In and Ga doped crystals at 15
The mean positron lifetime decreases with increasing p
ton fluence and saturates to a value of 1–4 ps lower t
obtained before illumination. The changes are persisten
15 K: After an illumination the average lifetime remain
constant for days. In contrast to these effects, the illum
nation has no influence on the positron lifetime in the
doped sample.

To study the thermal stability of the observed persiste
change in the average lifetime, we performed an isochro
annealing experiment (Fig. 2). The samples were first
luminated with 1.95 eV (In doped) or 3.0 eV (Ga dope
photons whereafter the measurements and the heat t
ments were performed in the dark. In In doped CdF2, an-
nealing in the range from 60 to 75 K restores the lifetime
the initial level before illumination. In the case of the G
doped CdF2, the recovery occurs between 200 and 250
These temperatures are the same at which the bistable
ters make the transition from the shallow state to the de
state [2].

The positron lifetime can be directly correlated with th
optical absorption of the bistable defects by performi
the experiment as a function of the photon energy. T
absorption related to the deep states of Ga and In be
to increase at 2.5 and 1.5 eV, respectively (Fig. 3).
the positron experiment the samples were illuminated
15 K to a constant photon fluence. The positron lifetim
spectra were measured in the dark at 15 K after e
illumination (Fig. 3). In the Ga and In doped samplestav
starts to decrease at about 2.7 and 1.5 eV, respectiv
The average lifetime decreases with increasing absorp
until the level corresponding to prolonged illuminatio
(fully depleted deep state) is reached. The photon ene
ranges at whichtav decreases and the absorption increa
match very well [19].

The data in Figs. 2 and 3 show that the average posit
lifetime is sensitive to the state of the bistable cente
3277
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FIG. 2. The average positron lifetime measured at 15 K
darkness as a function of the annealing temperature. Bef
each 10-min annealing the samples were illuminated at 15
with 1.95 eV (In doped) or 3.0 eV (Ga doped) light. The il
lumination was long enough to saturate the change in t
average positron lifetime (photon fluence2 3 1017 cm22). The
open symbols and the dashed lines represent the lifetime lev
before illumination. The solid lines are guides to the eye.

Positron trapping at open-volume defects is enhanc
i.e., more vacancies are detected, when the deep stat
occupied. However, Cd vacancies are observed in the
and Ga doped samples also when the bistable centers
in the shallow state. This is evident since the avera
lifetime after illumination (Fig. 2) is higher than the lowes
value 183 ps measured in the Y doped specimen (Fig.
In order to differentiate between various open-volum
defects seen by positrons [14], we plot the low electro
momentum parameterS vs the average lifetime measure
in sample #2 at different temperatures (15–180 K)
the dark before and after illumination (Fig. 4). The da
measured after illumination form a straight line whic
can be explained with positrons annihilating at only tw
states: as localized in a Cd vacancy and delocalized
the lattice. Before illumination, the data do not fall o
the same line which indicates that positrons annihilate a
in a vacancy defect whose characteristicS parameter and
positron lifetime are not the same as those ofVCd.

When the deep state of In and Ga is occupied, positro
are thus trapped at vacancy defects which are differe
from VCd (Fig. 4). The vacancy ceases trapping positro
when In and Ga are converted to the shallow state by il
mination (Figs. 2 and 3). We thus infer that the vacan
3278
in
ore
K

-
he

els

ed,
e is
In
are

ge
t
1).
e

n-
d
in
ta
h
o
in

n
lso

ns
nt

ns
lu-
cy

FIG. 3. The absorption spectra and the average posit
lifetime vs the photon energy. The absorption data show
typical result for In and Ga in the deep state. The positr
measurements were performed in darkness at 15 K a
illuminating the sample to a constant fluence (3.6 3 1015 cm22

for sample #2 and8.0 3 1016 cm22 for sample #3). After each
measurement the samples were annealed at 300 K. The s
lines are guides to the eye.

defect is a constituent of the deep state atomic structure
the bistable centers in CdF2. A likely configuration is a
pair of VCd and Ga or In interstitial in its close vicinity.
Such defect complex has an overall negative charge a
and Ga bistable donors form a negative-U system [9,10].

FIG. 4. The S parameter vs average lifetimetav in sample
#2 (Ga doped) before and after illumination. The data poin
correspond to simultaneous measurements ofS and tav at
different temperatures between 15 and 180 K.
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In sample #2,tav at 15 K decreases from 198 to 195 p
when the bistable centers are converted from the deep
the shallow state (Fig. 2). This implies that the chara
teristic positron lifetime in the deep state related vacan
tDS $ 198 ps. It is thus at least 15 ps longer than the life
time in the lattice (tbulk # 183 ps). On the other hand,
the theoretical difference betweentbulk andtVCd is about
35 ps [20]. Hence, we can deduce that the open volume
the deep state atomic configuration of the bistable cent
is at least half of a Cd monovacancy.

The concentrations of the different defectsDi can be
estimated as follows: At the high concentration limi
(fDtotg 

P
ifDig $ 1018 cm23), the average positron

lifetime tav ø
P

isfDigyfDtotgdti [14], whereti is the life-
time at defectDi (tFi  tbulk  180 ps, tDS  205 ps,
and tVCd  215 ps from theory [20]). Assuming that
all Ga and In dopant atoms are either singly positive
shallow donors or singly negative in the deep state, t
charge neutrality condition can be written asfGasIndgtot 
2fDS12g 1 2fV 22

Cd g 1 fF12
i g (charges from [12]). By

applying these expressions for our results at 15 K bo
in darkness (Di  VCd, Fi , DS) and after illumination
(Di  VCd, Fi) we can solve the concentrations.

As a result, we find thatfVCdg andfFig are of the order
of 1017 1018 cm23 which are reasonable values in CdF2.
Furthermore, the concentration of the deep statesfDSg is
about1018 cm23 which is the same order of magnitude a
estimated from electrical and optical measurements. T
supports quantitatively our identification of the vacanc
defect in the atomic structure of the deep state of In a
Ga in CdF2.

Most excitingly, the positron annihilation results on
the DX center in AlxGa12xAs [14,17] are qualitatively
very similar to those in CdF2. In AlxGa12xAs, the donor
atom is believed to make a substitutional-interstitial jum
leaving an open volume behind which positrons dete
[14,17]. Very recent calculations by Park and Chadi [13
suggest that also in CdF2 In and Ga atoms can move from
the substitutional site to an interstitial site in the neigh
boring lattice cell. This model is fully compatible with
our positron data and indicates unexpected universality
the bond-breaking mechanism of bistability of defects
semiconductors.

In summary, we have studiedn-type CdF2 crystals
doped with Y, Ga, and In by positron annihilation spec
troscopies. We found that an open-volume defect is i
cluded in the atomic configuration of the deep state of th
bistable In and Ga related defects. Our data indicate th
the size of the open volume is at least half a Cd monov
cancy. The positron results imply that the bond-breakin
mechanism resulting in asymmetric lattice relaxations is
much more general validity than previously thought; it ap
plies from covalent to predominantly ionic systems.

We are grateful to C. H. Park and D. J. Chadi fo
informing us of their results [13] before publication. We
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