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Microscopic picture of the single vacancy in germanium
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A complete microscopic picture of the germanium vacancy is presented, and our results are compared with
recent measurements. We analyze, through first principles calculations, the structural relaxations, Jahn-Teller
distortions, and orbitals for the charge states (11,1,0,2,22). The formation energies for the different
charge states are presented, as well as the positions of the (11/1), (1/0), (0/2), and (2/22) levels, and
we obtain that the vacancy in Ge is not an Anderson negative-U system, as opposed to the silicon vacancy. We
propose as an explanation a much smaller electron-lattice coupling for theE mode in germanium than in
silicon.
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In the early 1980s the experimental group from Lehi
University1 and the theoretical group from Bell Laboratorie2

gave us a complete understanding of the microscopic pic
of the silicon vacancy, which is today often referred to as
‘‘Watkins model.’’ This very simple defect, the lack of
silicon atom in the regular crystal lattice, has an import
influence over the electrical and optical properties of the m
terial. Despite its simplicity, this defect presents a rich va
ety of interesting physical properties, such as~i! several
charge states in the gap;~ii ! different local lattice relaxations
for different charge states;~iii ! the charge states~0!, (1),
and (11) forming an Anderson negative-U system,3 with
the ~1! state being a missing~metastable! state.

Curiously enough, in contrast to the silicon case, ther
no complete microscopic picture for the germanium vacan
The main reason for this disparity between silicon and g
manium is that most of the experimental knowledge on s
con vacancy came from electron paramagnetic resona
measurements, which had very limited success when app
to germanium. However, recent perturbed angular corr
tion spectroscopy~PAC! measurements4,5 were able to pro-
vide some new microscopic information about the germ
nium vacancy. In the PAC experiments, point defe
produced by electron irradiation are trapped at111In probes,
and their properties are studied as a function of the Fe
level. The authors obtained that the vacancy (0/2) level
should be somewhere between 0.16 and 0.24 eV above
top of the valence band.4,5 In another set of experiments, th
same group6 used a combination of two different technique
deep level transient spectroscopy~DLTS! and PAC, to obtain
information about deep level defects in germanium. With
DLTS they were able to detect a level at 0.33 eV above
top of the valence band, and through the PAC measurem
they identified that this level was related to a neutral mo
vacancy.

These experimental results have motivated us to perf
an extensive theoretical study on the germanium vaca
We report, using first principles calculations, results for
charge states (11), (1), (0), (2), and (22), their local
atomic distortions, orbitals, and formation energies. We a
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re
e

t
-

-

is
y.
r-
-
ce
ed
a-

-
s

i

he

,

e
e

nts
-

m
y.
e

o

calculate the (11/1), (1/0), (0/2), and (2/22) defect
transition energy levels. Our main results are~i! all the lattice
distortions in germanium are similar to the distortions in s
con, in the sense that the local symmetries around the
cancy, for the lowest energy structures, are the same in
manium and in silicon for all charge states;~ii ! except for the
(11) charge state, the magnitudes of the distortions
smaller in germanium than in silicon;7 ~iii ! we find that ger-
manium is not an Anderson negative-U system for any
charge state. This is related to item~ii ! above, as will be
discussed below.

We have performed total energyab initio calculations
based on the density functional theory, with the local dens
approximation for the exchange-correlation potential.8 To
describe the vacancy we have used a supercell approach
128 atoms in the unit cell. Norm-conserving pseudopot
tials of Bachelet, Hamann, and Schlu¨ter,9 in the
Kleinman-Bylander10 form, were used. A plane wave bas
set expansion up to 12 Ry of energy cutoff was used, and
Brillouin zone was sampled using theG point.11 This size of
supercell and number ofk points used were shown to giv
reasonable results for the silicon vacancy.7 All the studied
systems have been relaxed without any symmetry until
components of the forces were smaller than 0.0005 hart
a.u. For the calculations with the vacancy in charge stateq, a
uniform charge density ofr52q/Vcell is added to the unit
cell of volumeVcell . This ensures that the whole system
charge neutral. The formation energy of a vacancy in cha
stateq, Eq

v(me) is calculated in the supercell approximatio
as

Eq
v~me!5Eq

N211q~me1Ev!2
N21

N
EN, ~1!

whereEN21 is the total energy of the supercell with a v
cancy in charge stateq (N21 atoms!, EN is the total energy
of the perfect lattice supercell (N atoms!, andme is the po-
sition of the Fermi level relative to the top of the valen
bandEv . The top of the valence band has been correcte
R2401 ©2000 The American Physical Society
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the defect supercells by the average potential around the
thermost interstitial from the vacancy site.12

In Table I we present our results for the lattice relaxatio
and distortions. For each charge state we present the si
teratomic distances between the four nearest-neighbor a
to the vacancy site.13 In the perfect crystal all these six in
teratomic distances are the same and equal to 3.96 Å. Fo
charge state (11) we obtain an inward relaxation with
volume change relative to the perfect lattice of appro
mately 27%. All of the six interatomic distances are equ
which indicates that the point-group symmetry around
vacancy site isTd . This result is the same as in silicon.
calculation7 for silicon performed with a supercell with 21
sites obtained a similar inward relaxation~see Table I!. How-
ever, the same authors obtained an outward relaxation w
supercell of 128 sites. We did not find such an outward
laxation, and when we embed our 128 supercell in a 2
supercell, and repeat the calculation without further atom
relaxation, we find that all the components of the forces
smaller than 0.003 hartree/a.u. This indicates that the ato
displacements for the germanium vacancy are well rep
sented in a supercell with 128 atomic sites.

With the addition of an electron to the triply degenera
orbitals, i.e., the (1) state, we obtain a lattice distortion wit
two equal and shorter interatomic distances, and four
proximately equal and longer distances. This is also sim
to what happens in the silicon vacancy case, and chara
izes aD2d-point symmetry. The volume change also char
terizes an inward relaxation, with a contraction of appro
mately 30% when compared to the unrelaxed structure.
addition of another electron takes the system to the~0!
charge state, and we also obtain aD2d symmetry, as ex-
pected, with four longer bonds and two shorter ones. Ho
ever, the distortions in the (1) and~0! charge states in ger
manium aresmaller than in silicon. A decomposition in
symmetrized coordinates shows that the Jahn-Teller dis
tions, i.e., distortions that will induce a reduction to theD2d
point group symmetry, are approximately 3 times smaller
germanium than in silicon. This implies a stronger Jah
Teller coupling in silicon than in germanium. This weak
coupling to the lattice in germanium tends to destabilize
negative-U system for the (11), (1), ~0! charge states
and this is precisely what we obtain, as will be shown la

Moving now to the (2) state, there is another Jahn-Tell

TABLE I. Interatomic distances~in Å! between the four neares
neighbor atoms to the vacancy site, for the different vacancy ch
statesq. For the bulk, all the distances are the same and equa
3.96 Å. The relative volume changeVrel

i 5100(V2V0)/V0 , i 5Ge
or Si, is also presented.V andV0 are calculated as the volumes
the tetrahedra formed by the four nearest-neighbor atoms of
relaxed and ideal vacancy, respectively. The results for Si are f
Ref. 7 ~we report their numbers for a cell with 216 sites!.

q d12 d13 d14 d23 d24 d34 Vrel
Ge Vrel

Si

(11) 3.57 3.57 3.57 3.57 3.57 3.57226.7 226.1
(1) 3.44 3.55 3.54 3.55 3.54 3.44230.3 239.4
(0) 3.40 3.55 3.54 3.55 3.54 3.40231.2 242.4
(2) 3.38 3.37 3.37 3.37 3.37 3.14240.4 255.0
(22) 3.36 3.36 3.36 3.36 3.36 3.24240.8 251.9
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distortion, and the point-group symmetry becomesC2v ,
which is again similar to theVSi . There is still a further
inward relaxation, with a relative volume change with r
spect to the undistorted lattice of 40%. Finally, in th
(22) state the point-group symmetry is alsoC2v , and the
lattice distortions are very similar to the ones obtained
the (2) state. Once more this behavior is similar to what
observed for the silicon vacancy. Therefore, as far as
point-group symmetries are concerned, the germanium
cancy behaves exactly as the silicon vacancy.

In Fig. 1 we present the germanium vacancy levels wh
are localized in the gap, for each charge state. They are
Kohn-Sham eigenvalues measured with respect to the
lence band maximum~as mentioned previously, the valenc
band maximum has been corrected for each charge sta12!.
All the orbitals degeneracies are consistent with the po
group symmetries discussed above. For each one of the
bitals, we plot in Fig. 2 the charge densities along the@110#
~shown on the left! and @11̄0# ~shown on the right! planes.
We also indicate the orbitals symmetries. Whenever ther
orbital degeneracy, the plotted charge density is the sum
the charge densities for the degenerate orbitals. The
shown in black represents the vacancy. The sites in p
mark the positions of the unrelaxed nearest-neighbor at
to the vacancy, and red and yellow sites are the position
the relaxed nearest-neighbor atoms to the vacancy. Onl
the (2) and (22) states can the pink sites be clearly d
tinguished from the red and yellow sites. The blue sites m
the position of other germanium atoms. As can be seen f
Fig. 2, the modifications in the orbitals upon each change
charge states are small. One should also note that theb2
orbitals in the charge states withD2d point-group symmetry
@(1) and ~0!#, and thea1, orbitals in the charge states wit
C2v point-group symmetry@(2) and (22)] are more delo-
calized than thee orbitals (D2d) and b1 and b2 orbitals
(C2v). The bonding character of all the orbitals are similar
the bonding character of the orbitals in silicon.14

In Fig. 3 we present the vacancy formation energies
each charge stateq, as a function of the Fermi levelme ,

ge
to

he
m

FIG. 1. The single-particle energy levels obtained from the LD
calculation for each charge state. For each level it is given~1! its
symmetry, shown on its left;~2! its occupation, shown on its right
in parentheses;~3! its position, in eV, with respect to the valenc
band maximum@corrected in each case as described in the text~Ref.
12!#, shown below it. The charge states and the point-symm
groups around the vacancy are presented at the top of the figu
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obtained using Eq.~1!. Comparison with the results for sili
con show that the formation energies are significan
smaller in germanium than in silicon, for all charge stat
which makes the vacancy much more important for s
diffusion in germanium than in silicon.15 Our numbers for
the formation energies are in good agreement with the
perimental results, which for the singly charged negative
cancy range from 1.7 to about 2 eV,16 whereas we obtain 2.3
eV.

From the curves of Fig. 3 we obtained the ionization le
els, i.e., the values of the Fermi levelme where the formation

FIG. 2. ~Color! Contour plots of the charge densities along t

@110# ~left! and@11̄0# ~right! planes. The plots are for the vacanc
levels in the gap shown in Fig. 1, for each charge state. The po
group symmetry for each charge state, as well as the orbitals s
metries, are also indicated. The color codes are explained in
text.

FIG. 3. Formation energies for the different charge states a
function of the Fermi energy. The ionization levels are marked w
solid dots.
y
,
-

x-
-
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energies of two charge states become equal. These value
indicated in Fig. 3 with black dots. The most important po
is that the (11), (1), ~0! statesdo not form an Anderson
negative-U system. From our results we obtainU50.21
eV,17 and using numbers of Puskaet al. ~for a 216 sites
supercell! we obtainU520.12 eV.

Haeslleinet al.5 placed the (0/2) level at 0.2060.04 eV
above the top of the valence band using PAC. The DL
results of Zistlet al.6 find a level at 0.33 eV above the top o
the valence band, and if this level is also associated with
(0/2) transition, we can infer that it is between 0.20 a
0.33 eV. We obtain for this level a value of 0.37 eV, whic
is not far from the 0.33 eV obtained from the DLTS me
surements. However, given the large spin-orbit splitoff of t
valence band in Ge, and the fact that we do not inclu
spin-orbit effects in our calculations, it is hard to compa
the absolute position of our calculated levels with the exp
mental results.

It remains as an important question why in germanium
charge states (11), (1), and~0! do notform an Anderson
negative-U system, whereas in silicon they do. The total e
ergy Eq for a given charge stateq can be written as2,3,14 a
function of the normal modes18 QG i

(G i5A1 or E), ex-
panded up to second order around the coordinates of
undistorted lattice as

Eq~QG i
!5Ev

q1(
G i

F1

2
kG i

q QG i

2 2lG i

q QG i G , ~2!

whereEv
q are the vertical~i.e., without any lattice relaxation

or distortion! shifts in the total energies,lG i

q are the electron-

lattice coupling coefficients, and thekG i

q are the force con-

stants. The energy gain, for each normal mode and for e
charge state, upon lattice relaxation or distortion is given

DEG i

q 52
~lG i

q !2

2kG i

q
. ~3!

Using the above equations, we can writeU as17 U5Uv
1UA1

1UE , whereUv is the contribution coming from the

vertical shifts,UA1
is the contribution coming from the en

ergy gains associated with theA1 mode, andUE is the con-
tribution from the energy gains due to theE mode ~Jahn-
Teller energy gains!. For silicon we estimate7,14 Uv50.4 eV,
UA1

520.3 eV, andUE520.2 eV. Using the numbers fo
silicon,7,14 the relative distortions in germanium and silico
for each normal mode, and the ratio between the ato
masses and the ratio between the phonon modes in sil
and germanium, we estimate for germaniumUA1

520.2 eV

andUE520.01 eV. We calculated for germaniumUv50.4
eV, which givesU50.19 eV, very similar to the value o
U50.2 eV that we had obtained using our results for t
formation energies. What these number show is that the c
tribution to theU due to the breathing mode (UA1

) is similar
in both silicon and germanium, but the contribution due
the Jahn-Teller distortion (UE) is much smallerin germa-
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nium than in silicon. The reason is an electron-lattice c
pling lE

q in germanium that is about six times smaller than
silicon.19

In summary, we have presented a complete microsco
picture of the germanium vacancy~lattice distortions, charge
distributions, formation energies, and ionization levels!. Our
results for ionization levels are in fair agreement with rec
ic
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experiments.4–6 In contrast to the silicon vacancy, the germ
nium vacancy does not present a negative-U due to a small
electron-lattice coupling for theE mode.
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Pöykkö, M. J. Puska, and R. M. Nieminen, Phys. Rev. B53,
3813 ~1996!; T. Mattila and A. Zunger,ibid. 58, 1367~1998!.

13The displacements of the second nearest neighbors to the vac
are much smaller than the displacements of the first nea
neighbors, ranging from about ten times smaller for the cha
state (11) to about three times smaller for the charge sta
(22), which has a larger inward relaxation.
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