
PHYSICAL REVIEW 8 VOLUME 53, NUMBER 3 15 JANUARY 1996-I

Gerxnaniuxn negative-U center in GaAs
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The DX center related to the Ge impurity in GaAs is investigated by ab initio pseudopotential
calculations within the local-density aproximation. Our results indicate that the behavior of the
Gea defect is qualitatively diferent from the broken-bond model usually associated to SiG, even if
the electronic structure behaves in a very similar way. Indeed, for the Ge impurity our calculations
show that already for breathing-mode relaxations of the Ge neighbors, in T& symmetry, a negative-U
behavior is found, and many details of the experimental data can be explained.

I. INTRODUCTION

A large body of experimental data concerning the so-
called DX centers was collected in these past ten years.
The prototype center is the Ga-substitutional Si impu-
rity in GaAs —which is also a prototype effective-mass
donor impurity. In fact, Si doping of bulk GaAs, at
zero pressure, efhciently produces n-type material, evi-
dencing the preference for the Ga site in the lattice. At
high pressures, however (higher than 22 kbar), or past a
certain proportion x of Al in the alloy for Al Gai As
(x ) 0.23), a deep level is introduced in the gap, causing
a dramatic drop in carrier concentration. It was recog-
nized that this deep level originated from the isolated
SiG impurity, and theory pointed to a possible expla-
nation in which a strong lattice distortion changed effec-
tively the "shallow donor" d con6.guration to the deep
trap DX configuration in the negative charge state. '

It is to be expected that isoelectronic impurities like Ge
and Sn behave similarly, ' ' although less experimental
work exists for these centers.

We present here a theoretical study of the Ga-
substitutional Ge impurity in GaAs. We And that we
can understand all the known data about the GeG cen-
ter in light of our results, which indicate that the be-
havior of the Gec impurity is qualitatively different
&om that proposed for Sic, even if the electronic struc-
ture behaves in a very similar way. We adopt the usual
approach: supercell model, local-density approximation,
with nonlocal core pseudopotentials. We include in the
next sections a brief review of relevant results for DX
centers, mostly for the sake of comparison between the
Si and Ge impurities. Details of our calculations
and the discussion of our results follow, in Secs. IV and
V.

sistent photoconductivity (PPC). In this latter case, the
DX center is photoexcited, releasing the (trapped) elec-
trons back to the conduction band; when the light is
turned off, however, at low temperatures, the centers do
not recapture electrons, so that the original resistivity
is not restored. The recapture process is thermally ac-
tivated, implying the presence of a barrier between the
donor and acceptor configurations of the defect.

Both Si and Ge substituting for Ga form shallow
donors in GaAs at zero pressure, and at a critical value of
pressure p or Al concentration x in the alloy the shallow-
deep transition occurs; that is, the movement of the con-
duction band uncovers an impurity level, bringing it into
the gap. The response of DX defects to alloying or pres-
sure is similar, but not identical. We shall focus on
the properties of the high-pressure systems, which we
simulate here. In particular, the DX level appears at
p & 22 kbar for Si, and much earlier, at p & 9 kbar for
Ge.'

Once the DX level is in the gap, it immediately enters
the negative charge state, so that for Si the neutral charge
state is not seen under equilibrium conditions, which
characterizes the defect ' ' as a negative-U system.
For Ge the situation is similar; however, the neutral
charge state has been seen in special circumstances.

The ocurrence of lattice rearrangements around the
defect is shown by the existence of different ionization
energies, which we list in Table I: the equilibrium emis-
sion energy of an electron to the conduction band, E;

TABLE I. Experimental activation energies (eV) for
group-IV impurities in GaAs. E, is the thermal ionization
energy, E is the optical ionization energy, E is the capture
barrier, and Ed, is the donor level position.

II. FINGERPRINTS OF DX CENTERS:
Si AND Ge

Dopant
Si
Ge
Sn

0.33
0.285
0.07'

E
1.44

E
0.63

0.4'

0.3
0.104
0.4'

The forming of DX centers is mainly associated with
the trapping of electrons, which results in a marked de-
crease in conductivity, and with the phenomenon of per-

Reference 15.
Reference 16.

'Reference 17.
Reference 12.
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the nonequilibrium, optical ionization energy ' to
the conduction band, E; the capture barrier E„mea-
suring the activation energy for recapture of electrons by
the DX centers, which is at the origin of the PPC;
and finally Ep, the extrapolated value for zero p or x of
the DX level depth &om the I' minimum, as a resonance
in the conduction band. The occurrence of PPC for the
Ge DX indicates a nonzero E, although we cannot quote
an accepted value; and also, there are no data on the op-
tical ionization energy, to our knowledge.

An important clue to solve the DX problem emerged
Rom the alloy data: in the alloy the ionization energies
E, (and Eg) are afFected by the interaction of the impu-
rity with the Al atoms, and are split in such a fashion as
can only be explained ' by a lattice rearrangement that
takes the impurity away ft..om the substitutional site to-
wards the interstitial site in a C3 symmetry, as in Fig. 1.

III. THE BROKEN-BOND MODEL

In a pioneering work Chadi and Chang (CC) proposed2
that in fact the negatively charged defect underwent a
strong symmetry-lowering distortion that took the im-
purity away from the on-site Tp configuration along the
(ill) direction to an off-center Cs„-symmetry configu-
ration, which came to be known as the "large lattice
relaxation" (LLR) or "broken-bond" configuration (see
Fig. l). The same LLR was also proposed by Dabrowsky
and Schemer for the EL2 defect in GaAs, involving
now distortion of the isolated arsenic antisite. The main
difference in the energetics of neutral antisite and neg-
ative DX is that while the broken-bond configuration
should be stable for DX, it is metastable for Asc . A
systematic study of anion antisites then proved that the
broken-bond metastability was indeed a common feature
for all such impurities, quantitative details depending,
however, on the chemical identity of the defect, result-
ing in quite different energy barriers. ' Further studies
of the Sic impurity complicated the theoretical scene,
since similar calculations with "slight" technical differ-
ences produced results which, while qualitatively similar,
diverged in the final comprehension of the model. Exem-
plifying, we show in Table II results for the energy dif-
ference EM between the on-site and broken-bond most
stable configuration, together with the characteristic im-
purity displacement, ' ' ' obtained by different authors
for the Sic center. Note that the results of CC and

TABLE II. Results for four different sets of calculations for
Si-doped GaAs. EAf is the energy difference (in eV) between
the on-site and broken-bond most stable configuration, vrith
the related displacement (in A) of the impurity atom.

Calculation
CC
DSb

YSO'
SOS

-0.22
0.30
-0.65
0.27

Displacement
1.17
1.36
1.15
1.41

Reference 2.
Reference 6.
Reference 3.
Reference 24.

Yamaguchi et al. showed the broken-bond configuration
for Sic in GaAs to be metastable relative to the on-site
center.

It is thus important to discuss which points in the
broken-bond model are key to the explanation of the ex-
perimental data.

The Si impurity substituting for Ga in GaAs carries
one extra valence electron, and is most usually under-
stood through the effective-mass (EM) approach, where
this extra electron is said to be accomodated in an EM
state, which is typically very shallow relative to the
conduction-band edge. Theoretically, we may build the
EM defect orbital from the lowermost conduction states,
and the one-electron level depth relative to the conduc-
tion band may be obtained by subjecting an electron in
such an orbital to a "hydrogenic" potential screened by
the dielectric constant of the host.

On the opposite side we have the "defect molecule"
approach, which is better understood starting ft. om any
localized basis set, with orbitals centered at the impu-
rity and a few neighboring host atoms. For cation-
substitutional group-IV impurities in tetrahedral III-V
hosts, the impurity state built from the localized or-
bitals has az symmetry, and should be singly occupied in
the neutral charge state if it falls inside the gap.

These two states (EM and impurity ai) behave very
differently with respect to the Mott-Hubbard potential
U, measured by the Fermi-energy region for which a given
charge state is detectable in equilibrium conditions. It is
known that the magnitude of U for any impurity depends
on the localization of the electronic state, and can be
greatly affected by lattice distortions. We can make this
explicit by writing the mean-field result as

Umean-field —Uelectronic + +Urel.

Td C

FIC. 1. Scheme of atomic configurations for the Sic, de-
fect, undistorted (Tq), and when a bond is broken and the
impurity is displaced towards the interstitial site (Cs„).

For a localized impurity orbital associated with a deep
electrical level, we may expect a value for the electronic
Mott-Hubbard energy U,~„t, „,, around a quarter of an
eV, as is the case for the vacancy in Si, the As antisite
in GaAs, and so forth. For the EM orbital of shallow
donors we should expect U,~,t, „,, to be almost exactly
zero, since the degree of localization is almost zero: it is
built ft.'om just a few delocalized band states.

For a shallow donor like GaAs:Si, one then expects
Rom the EM picture that the total energy of the sys-
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tern is not affected by the charge state of the center, at
least in the Td (donor) configuration. That is, if we plot
the total energy as a function of distortion for different
charge states, at zero distortion the curves should touch,
as in Fig. 2. For the PPC effect however, the crossing
of the total-energy states E(Si ) and E(Si + 2ec&) is
the best possible explanation (e&& denotes an electron
in the conduction band). The photoconductivity is ob-
served for Si DX at 1 eV, corresponding to process
E in Fig. 2. After the emission of electrons the system
comes back ["along" curve E(Si++2ec&)] to the Ts con-
figuration, where it is now precluded from efhciently re-
capturing electrons by the barrier (E, in Fig. 2) between
the on-site and displaced configurations of the negative
charge state. It is then clear that, with U,~„t, „,, zero or
close to zero, it is the "camel-back" shape of the curve
E(DA ) that inakes the process occur and this shape
is characteristic of the C~„distortion, which in turn ex-
plains other details in the experimental data, such as the
splitting of the deep-level transient spectroscopy (DLTS)
peak in Al alloys.

Although this picture is very appealing and reason-
able, it is here very important to distinguish between the
shallow EM level of IV&&& donors in III-V materials, and
the impurity state of these systems. The EM state i8
not derived from the localized orbitals of the defect sys-
tem, and otves its existence to the fact that the donor
occupation level E(+/0) of the impurity lies above the
conduction-band minimum. Since, in this case, the out-
ermost electron of the defect system has a large probabil-
ity of tunneling to the lower band states, becoming effec-
tively delocalized (n doping), the ionized-impurity core
then deforms the potential around the impurity site, cre-
ating the EM potential and concomitantly the EM level.
Once the impurity donor level E(+/0) enters the gap, this
EM level is no longer formed The impur. ity level in the
Tg con6guration has been sometimes called the "deep Aq
level" to distinguish it &om the broken-bond DX, and
from the EM state.

In the case of DX centers it is important to note that
the impurity captures yet another electron, entering the
negative charge state for which the LLR is postulated.
In other words, the acceptor level E(0/ —) also enters the

Displacement (1 1 1 &

FIG. 2. Total energy for Sic as a function of impurity
displacement along the (111)direction towards the interstitial
site, according to the broken-bond model. At zero distortion
the curves are aligned by the electronic Mott-Hubbard po-
tential. The characteristic DX-center activation energies are
also indicated.

gap, and, apparently, the neutral charge state is never
seen or at least not for Sic . This feature typifies a
negative-U system (and not a zero-U system, where the
three charge states would be equally probable). Since the
defect level is in any case already in the gap, the estimate
for the Mott-Hubbard U must be made &om realistic
localized-defect computations. In the case of SiG, the
broken-bond model resulted in a negative U(0) for the
neutral charge state in the broken-bond configuration,
while for the Td site U(0) is taken to be zero.

Summarizing, the important points explained by the
broken-bond model are the following.

(1) Shalloiu deep-transition tvith alloying/pressure:
The impurity donor level must enter the gap.

(2) Simultaneous capture/release of huo electrons: The
acceptor level also enters the gap, and the center must
have negative U.

(3) Persistent photoconductivity: There must be a
crossing between charge-state energies with relaxation.

(4) Large dif)'erence between optical and thermal ion-
izaton energy: A LLR must be involved.

Note that, for Sic, the particular LLR proposed by
CC also explains the splitting of DLTS peaks with alloy-
ing. For Ge, items (1), (2), and (3) above are seen, but
not, to our knowledge, item (4). Our results indicate,
however, that we do not need to invoke the broken-bond
model to explain the data, and the fact that item (4) is
not detected is probably due to the fact that the impurity
does not go off center.

IV. DETAILS OF CALCULATIONS

We adopt the supercell approach; that is, we select a
cluster of atoms around the defect which we judge rep-
resentative of the defect potential. This cluster is then
repeated in a space-Ailing made, satisfying the underly-
ing bulk periodicity so that no surfaces are introduced.
The band structure of this periodic defect crystal is then
self-consistently calculated, within local-density approx-
imation (LDA) with appropriate plane-wave expansions
and pseudopotentials. If the cell is large enough so that
no interaction between impurities is introduced, the def-
inition of a "gap level" can be easily done since the band
structure of the host is still d.iscernible after the folding
of the original Brillouin zone (BZ) into the reduced BZ
of the defect system, and we may recognize the "defect
eigenvalue" as a flat noninteracting band. This is not
the case with standard calculations, where a weak inter-
action between defects, introduced via wave functions, is
tolerated for the sake of feasibility and other, more im-
portant, convergencies. A defect-band dispersion is thus
introduced so that for each nonequivalent k point in the
BZ we obtain a different eigenvalue. A "defect state" is
identified, in any case, by the charge distribution, which
shows a localized character. To evaluate the occupation
levels of the defect, however, particularly in the case of
acceptor levels, Kohn-Sham eigenvalues are not the best
estimates and we do not need them if we use total-
energy differences for the necessary charge states. This
is easily done for supercells in the Zunger and Cohen
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scheme of k space summation, if we recall that the
point-charge potentials are already cancelled out in the
g=0 term, so we must input just a small band-structure
correction (evidenced in any change of the valence-band-
top eigenvalues) to be able to compare total energies. An
occupation level is defined in the usual way:

U---s. ~~ = E(o/ —) —E(+/o)
= E(+) + E(—) —2 x E(0) .

(3)
(4)

Apart &om Kohn-Sham convergency, the calculation
must be converged relative to cell size (in that the defect
interaction should not be so large as to interfere with
results), and basis set. It is very important to remark
that, since we use a self-consistent LDA procedure, the
BZ sampling in the sum for the cell electronic density,
which is done every cycle, should be very careful, as re-
sults may depend critically on the soundness of the den-
sity. In particular, unless the defect is extremely localized
(inside the "impurity cell" ), it can be that the use of the
I" point k=0 only is insufBcient.

We use here a supercell with 54 atoms, with Kleinman-
Bylander first-principles pseudopotentials ' including
I = 2, which was found to be very important for
these impurities. Kohn-Sham self-consistency was at-
tained through the Car-Parrinello scheme. We include
plane waves up to 12 Ry in energy, and the k summa-
tion is done with the first Chadi-Cohens set (since the
54-atom cell preserves the fcc bravais lattice, the sets
comprise two k points for Td basis symmetry, and five
k points in Cs„symmetry). Convergence of total-energy
differences (between Ts and Cs„most stable configura-
tions) was checked by increasing the basis up to 16 Ry:
results were affected only in the meV range. Our adia-
batic total-energy curves are obtained through allowing,
at each point in the displacement of the impurity atom,
all nearest neighbors to relax. We do not allow all atoms
to relax in order to avoid strenghtening the defect inter-
actions. The remaining forces on the other neighbors are
however calculated, and are negligible (of the order of
0.004 eV/A); if this were not the case, a larger supercell
would be recommended. Pressure effects are introduced
through the lattice constant in a thoroughly consistent
way. We first obtain the equilibrium lattice constant for
our theoretical GaAs crystal (5.58 A. in a two atom super-
cell with plane waves up to 15 Ry and two k points; 5.57
A. in the supercell with the defect-calculation setup). We
then calculate the bulk modulus in the quadratic approx-
imation; next, with the help of the modulus, we calculate
the lattice constant under a given pressure. No reference
is taken from experimental data in this case. This is an
important detail when dealing with these shallow donor
impurities, since it is quite probable that conduction-
band states interfere with defect states, which is even
more crucial due to defect;-band dispersion. We work al-
ways under high ( 30 kbar) pressure in order to get rid

E(0/+) = E(+) —E(0),
and here too the total energies are affected by relaxation
corrections. We can write U „f„~g for the neutral state
as

of band states: the lowest conduction state eigenvalue for
this pressure appears, in our calculations, at & 1.6 eV,
which allows for a clear distinction between defect and
bulk states.

V. RESULTS AND DISCUSSION

The substitutional Ge impurity, as expected, intro-
duces a localized aq antibonding state in the gap region.
We show in Fig. 3(a) the charge contour plot for the dou-

bly occupied state in the Tg site: this contour is quite
typical of such impurities, and its almost "didactical"
antibonding character plays an important role when con-
sidering lattice relaxations (already included in the con-
tours). In the case of Ge, with a covalent radius very
close to that of Ga, the effect of the antibonding charge

As 0.001

Ge

0.0008

1.6

0.5

0.0

(e) B

s l
b, c

o
o0

va
0.5 1.50.0

Displacement (A)

2.0

FIG. 3. Charge densities, in electrons per unit cell, for the
doubly occupied ai state for the Geo defect: (a) highest
occupied impurity level in T& symmetry, obtained through a
calculation using only the I' point; (b) same as (a), in C3„
symmetry; (c) same as (b) using the Chadi-Cohen special set
of k points; (d) deep-level ai resonance in the valence band,
which interacts with the gap state; and (e) eigenstate interac-
tions, for near gap eigenvalues, for displacement of impurity
in the (111) direction [the labeling here links the eigenvalue
to the correponding charge density (a) to (d) above]. Note
the high degree of localization of all states depicted.
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density of this state actually dictates the motion of the
defect system. It is also worth noting that the localiza-
tion of the charge density is quite high, and so the level
will be coupled to any aq localized resonances in the va-
lence band, as we will see. As we pull the Ge atom along
the Ca„path of the LLR proposed for DX's, this orbital
evolves and we show in Fig. 3(b) the charge distribu-
tion for the local minimum of the broken-bond configu-
ration, obtained through a calculation using one k point
(I' point) in the BZ summation. s We see the dangling-
bond-like density centered on the As neighbor, with some
tail on the impurity. This charge distribution is the key
to the stability of the broken-bond configuration, since
the saturated dangling bond is very stable. This picture
changes however when we augment the sampling of the
BZ, and we show in Fig. 3(c) the charge density for the
same state, using the Chandi-Cohen set. Now the state
is more localized around the impurity, and there is less
charge for this state around the dangling bond on the
As neighbor. Due to the antibonding character of the
state, this situation is less stable than what we are led to
believe when using only the I.

' point; that is, the I'-point
sampling gives an unrealistic description of the situation.

In fact, we retrieve the dangling-bond-like electrons
in another aq state which interacts with the gap state "
along the Cs„motion [see Figs. 3(d) and 3(e)]. In spite
of the fact that this localized state is part of a resonance
at the top of the valence band, the situation is still less
stable than that of the Tg site, as we see next.

%'e show in Fig. 4 the adiabatic total-energy curve ob-
tained for the negative Ge impurity, for displacement
along the (111) direction towards the interstitial site.
Dashed lines refer to our previous calculations, which
were done taking the I'-point approximation for the sum
in the electronic density, and relate to the density con-
tour of Fig. 3(b). We can see the effect of the different
charge density on the total energies for the same con6g-
uration: if qualitatively we still have the same metasta-
bility efFect, since the metastable energy is non so much
higher than the Tg-site energy, me have no reason to ex-
pect, for the GeG impurity, any Cs„distortion simi
lar to that proposed for SiG . This is not surprising in

view of the fact that the As antisite, which is the core
of the EI2 defect and which is really much more sirni-
lar to the Ge DX, actually goes off center only through
photoexcitation, ' ' as recently and clearly detected
in positron-anihilation studies.

We thus return to the results for the Tg-symmetric de-
fect, and at this step, to get a better view of the re-
laxation processes, we Grst allow no relaxation of the
neighbors. We obtain as a erst result the location of
the electronic ionization levels for the impurity: At this
value of pressure ( 30 kbar) both donor and acceptor
levels appear in the gap, so that the capture of two elec-
trons would be allowed. Our result for the electronic U
is indicative of the similarity between impurity and host
atoms, being small, and positive (U,i„t, „,, 0.1 eV).
The obtained value for U is already at the limit of accu-
racy for our calculations, and we estimate, from results
on Si~ (Ref. 40) obtained through the same systemat-
ics, that U here may be underestimated by 0.05 to 0.1
eV.

A result that can be checked straightforwardly with ex-
periment is that the acceptor level is already, even with-

out relaxations, lourer than that of SiG (Ref $0) an.d
so should enter the gap at lower pressures, as actually
detected. The fact that the Ge donor level is lower than
that of Si or Sn is seen also for these impurities in GaP.

Next we show, in Fig. 5, the total-energy curves for
the tetrahedral configuration of the Ge impurity system,
in the neutral, positive, and negative charge states of the
defect center (the system is always neutral). Now the
relaxation is along the breathing mode. The curves are
aligned through the calculated U l„t, „;„atzero relax-
ation, according to the following ansatz: under equilib-
rium conditions, supposing a reservoir B that can hold
or release electrons, when

E[R +D+] = E—[R'+ D'] then p = E~(+/0), (5)

and when

E[R+ ~ D ] = E[R + D ] then p, = E~(0/ ), (6)—
where D stands for defect center. In this case, for the

1.0
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0.0 ii
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FIG. 4. Total energy for the negative Ge& defect as a
function of displacement of the impurity along the (111) di-
rection. The dashed line is the calculation using only the I'
point, and the solid line is the result with Chadi-Cohen special
set of k points.

-0.10
I i I I I i

0 1 2 3 4 5
Outward relaxation (%}

FIG. 5. Total energy as a function of breathing-mode re-
laxations for the Gec impurity in tetrahedral configuration.
The curves are aligned through the calculated U 1„~, „,. at
zero relaxation.
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limiting energies, Z[R+ + D ] = E[R + D+] + U.
As a first result we find that, at this value of pressure,

allowing for symmetrical relaxations, the Ge impurity is
a negative-U system. Furthermore, there is a crossing
point between the positive and negative charge state total
energies; so, for the Ge impurity, the PPC effect may
result from breathing relaxations, not involving a LLR in
the broken-bond sense.

In a recent investigation by Baj and co-workers ' the
value of U for Gec was obtained through Hall mobil-
ity measurements under pressure. The authors extract a
positive U of 32 meV at zero pressure, with pressure coef-
ficients for the donor and acceptor levels that would indi-
cate a crossing point from positive to negative U, but only
at very high pressures (at 30 kbar, U would be around
—10 meV). However, the authors assumed for the calcula-
tions the usual trigonal model for the two-electron center
(fourfold degeneracy of the negatively charged state). If
instead an Ai-symmetric state is assumed, the value for
U at zero pressure decreases to 20 meV, implying that
a crossing to negative U is possible at lower values of
pressure around 13 kbar.

Other groups ' working with highly Ge-doped GaAs
at very low temperatures and at pressures lower than 12
kbar, that is, actually in a region where the impurity
levels are already in the gap but U is at the limit between
positive and negative values, seem to detect the neutral
and negative charge states at the same time, while yet
other experiments done under higher pressures detect
already the negative-U character of the impurity.

These results seem to be reasonably well described by
the breathing-mode relaxations of the Ge neighbors in Tg
symmetry. We do not study the impurity system under
low pressure, due to the already discussed difIiculties in
dealing with band states. Thus, we do not extract a value
for the pressure dependence of the donor/acceptor levels.
We point out, however, that our result for the absolute
value of U (between 50 and 100 meV) at 30 kbar is of
the same order of magnitude and sign as the experimental
estimate; this is also a strong argument for the breathing-
mode model since, if the broken-bond model is invoked,
we might expect a much larger absolute value for U (since

the curve for the system [A +D+] rises steeply with Cs„
distortion).

VI. SUMMARY AND CONCLUSIONS

Summarizing, we find that the cation-substitutional
Ge impurity in GaAs behaves, as expected, as a shal-
low donor in normal conditions. At the same time, the
impurity states present a localized and almost didactical
antibonding character so that, once the donor occupa-
tion level moves into the gap, the center behaves as a
deep-level defect. The shallow-deep transition should for
Ge occur at lower pressures than for Si. We find a posi-
tive but small value for the Mott-Hubbard electronic U,
so that with zero distortion (before capturing an elec-
tron for which there exists a small barrier) the total U is
actually positive.

We further find that bond-breaking distortions are not
energetically favored, and the usual C3„configuration in-

voked to explain the experimental data for DL centers
is metastable for the negatively charged center. Our re-
sults indicate, however, that symmetric breathiny-mode
distortions, driven by the antibonding character of the
wave functions, can explain the known data in a very
similar but simpler model: Our configuration-coordinate
model can explain both the PPC efFect at high pressures
and the anomalous behavior of the Mott-Hubbard U near
the shallow-deep transition point.

Further experimental work on this impurity should in-

clude positron anihilation studies: &om our results we

expect that, in contrast to the EL2 defect where the
central antisite leaves behind a volume comparable to
the vacancy, in the case of Ge no "empty volume" should
be found even for conditions where negative-U behavior
is detected.
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