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The self-consistent pseudopotential method is used to study the electronic structure of the hydrogen
interstitial impurity in Ge. The impurity is considered to be at the site of tetrahedral symmetry and strong
intra-atomic correlation effects are included. It is found that a singly occupied H-1s deep donor state exists,
a result consistent with positive muon spin rotation (u*SR) experiments. This state lies at least 1 eV, and
perhaps as much as 6 eV, below the Ge valence-band maximum. An examination of the charge density
suggests only a small tendency of H to bond with the neighboring Ge atoms. It is tentatively concluded that
this deep donor state is the one probed by w*SR experiments but that H migrates to impurity- or defect-
related complexes or forms of molecular hydrogen rather than remaining as an isolated interstitial impurity.

I. INTRODUCTION

Hydrogen is likely the most common impurity
in nominally pure crystals of Si and Ge. Unfor-
tunately almost no direct experimental informa-
tion is available, as the H impurity is “electrical-
ly inactive”! (unionized) even at room temperature
and above. Indirect indication of a deep donor
state associated with H in Si and Ge is provided
by positive muon spin rotation ( u*SR) spectro-
scopy.?™ This technique makes use of the u* decay
to measure the contact hyperfine interaction, in-
terpreted as providing a measurement of the ratio
A(S)= |¥(0)|%/[¥(0)],q Of the electron density at
the u* (or proton) site in semiconductor S
(S=8Si, Ge) to that in a vacuum. The values for
Ge (Ref. 2) and Si (Ref. 3)

A(Ge)=0.58+0.04,
A(Si)=0.444+0.20

are interpreted as due to a relaxed hydrogenic
" 1s “deep donor” state confined to a region of
<3 a.u. for the simple reason that estimates as-
suming a shallow level lead to ratios A(S)~10
-1077, (Actually, very recently shallow H-related
states have been detected in Ge by Haller,® who
suggests these may arise from complexes of hy-
drogen and other electrically inactive impurities.)
Theoretically it was recognized early on that
the 1s level of interstitial H in Si or Ge could not
be described by the effective-mass approximation
used for shallow levels. A study by Reiss® and by
Kaus” of cavity models, in which the potential V-
takes the form

e*/er, r>R

Vir)= { (1)

e/r+k, v<R

in which € is the dielectric constant of the semi-
conductor, R is the cavity radius, and % is a
constant, indicated a deep (very localized) donor
1s state for cavities the size of those in Si or

Ge. The variational procedure of Reiss suggested
an ionization (or binding) energy E, of 1-3 eV,
while Kaus’s calculations suggested E ;=4-5eV.
The uncertainty arises from the lack of a precise
way of fixing R; however, both calculations account
for the experimentally observed lack of ionization
at room temperature.

Wang and Kittel® applied the cavity model to
determine |¢(0)|%, the quantity determined by
K*SR experiments, and found quite reasonable re-
sults [A(S)~0.5], considering the simplicity of the
model. They also investigated the effects of in-
cluding a radial dependence of the effective mass
and/or the dielectric constant, concluding that
the most realistic estimates of their generalized
cavity model were A(Si)=0.43, A(Ge)=0.46, ES!
=1.55 eV, and E?": 1.65 eV. (The results we
have quoted for Reiss, Kaus, and Wang and Kittel
were all obtained from calculations utilizing a
free-electron mass.) k

The cavity models of course treat the host semi-
conductor as nothing more than a dielectric med-
ium in which H is immersed. A recent calculation
of Coker, Lee, and Das® (CLD) has gone beyond
this approximation by the application of their
“self-consistent-charge extended Hiickel” approach
to a cluster of one H plus 30 Si or Ge atoms. The
resulting ionization energy was found to be of the
order of 0.7 eV in both materials, significantly
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20 THEORY OF THE HYDROGEN
smaller than the previous estimates, while the
nuclear density ratios [A(Si)=0.74,A(Ge)=0.64]
showed the reverse trend as compared to experi-
ment. Singh et al.® have also done extended Hiickel
calculations on the interstitial hydrogen impurity
in Si, finding a similar ionization energy for the
donor.

In this paper we give a self-consistent micro-
scopic treatment of interstitial H (or u*) in Ge.

In addition to providing theoretical estimates of
the known hyperfine splitting ratio A(Ge) and the
measurable ionization energy E, (so far unmea-
sured), the self-consistent pseudopotential appro-
ach we use allows a study of H-Ge bonding and of
the H spectral density throughout the bulk Ge val-
ence-band region. A knowledge of these proper-
ties is necessary before the interstitial hydrogen
impurity can be understood.

The outline of the paper is as follows. In Sec.
II we describe an application of the pseudopoten-
tial method (in the spirit of the empirical pseudo-
potential method) to describe a small supercell
containing one H and eight Ge atoms. An oversim
plified, but physically transparent, picture is
given of the main effects of an interstitial H im-
purity. This picture leads to a consideration of
the important part intra-atomic electron-electron
correlations will play in this system. Both cor-
relation (beyond any local density approximation)
and self-consistency are included in a large super-
cell (H plus 54 Ge atoms) calculation described in
Sec. ITII. It is found that a well-defined H-associa-
ted deep donor state in the upper valence-band re-
gion is present in the self-consistent results.

This state does not exhaust the H spectral density,
however, and the hydrogen local density of states
remains nonzero (though small) nearly to the bot-
tom of the valence-band region. It is found that
minor bonding occurs between H and its nearest-
neighbor Ge atoms.

In Sec. IV we extrapolate beyond the supercell
results to consider an isolated H impurity in a
semiconductor. We emphasize the corrections
which may be needed to interpret excited-state
spectra when strong intra-atomic correlation
is important. We also point out a generalization
which is important in the interpretation of the
L*SR results, namely, that the spin density at the
proton which is measured need not arise entirely
from a single H-1s-like state. The main conclu-
sions of this study are summarized in Sec. V.

II. AN UNSCREENED PROTON IN Ge

In this section we describe the characteristic
band structure of a simple model system consist-
ing of an unscreened proton in Ge. This system
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provides a simple picture of the important changes
which occur when an H impurity is introduced into
a semiconductor. The input to the calculation con-
sists of the H and Ge potentials and their atomic
positions.

A. Description of heuristic study

In the diamond lattice of Ge there are two high-
symmetry interstitial positions at which an im-
purity is likely to reside. One is the “antibond”
site of tetrahedral local symmetry, exactly one
Ge-Ge bond length away from the four Ge nearest
neighbors. The other is a site of hexagonal local
symmetry, which lies at the center of a nearly
planar hexagon of Ge nearest neighbors. Both
sites have been considered by Wang and Kittel,®
who note that the mean radius of the tetrahedral
site is some 15% larger than that of the hexagonal
site. Throughout this paper only the tetrahedral
site will be considered. The higher symmetry
makes the calculations less expensive, and the
larger interstitial cavity results in more clearly
drawn physical effects (e.g., a more localized
donor level). Ge was chosen rather than Si be-
cause of its higher dielectric constant and larger
lattice parameter.

In this initial heuristic calculation we utilize a
screened atomic Ge potential’® which gives a good
description of the bulk band structure. The poten-
tial due to the proton is rigorously —e?/r; it has
been found,!* however, that both the eigenvalues
E, and the radial charge density »*[¢,(r)|? for
n=1s, 2s, and 2p can be described quite well by
a “pseudopotential” V,(r) which converges much
morequickly in a plane-wave expansion. The
Fourier transform of V, for convenience has been
fitted to an expression of the form :

Vulg)= - (4m€*/Qq*)a,(cosa,g + a,) exp(ag?) (2)

where {2 represents the unit-cell volume. The pa-
rameters a, are given in Table I. This potential
has been used in other applications*! which have
given confidence in its reliability. The unit cell
used in this calculation is a cube with a side of
length a,=5.658 A=10.696 a.u., equal to the dia-

TABLE 1. Ionic potential parameters of H* and Ge**
corresponding to the form of Eq. (2). a4 and a3 are di-
mensionless; a, and a4 are in a.u.

H* Ge'*
ay '1.856 14.69
a; 0.280 2.415
as -1.538 0.584
ay —0.007 —3.440
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mond structure lattice constant of Ge. This unit
cell contains eight Ge atoms.

The band structure of Ge along the I'-X direc-
tion, assuming this unit cell, is shown as the
solid lines in Fig. 1. The energy zero is fixed at
the valence-band maximum. There are 16 val-
ence bands to accommodate the 32 electrons/(unit
cell). Also shown in Fig. 1, as dashed lines, is
the band structure which results when the un-
screened proton is introduced. In addition to the
16 Ge bands, which are perturbed but easily
recognizable, an additional band appears in the
region -7.5 to —6 eV. An analysis of the charge
density at I' shows this extra band to be strongly
associated with the proton. Approximately 60%
of the charge of this “H band” very closely re-
sembles that of the 1s state of H, and another
~30% lies in an s-like (symmetric) configuration
of similar size centered on the Ge atom midway
between protons. The remaining 10% of an elec-
tron is distributed throughout the unit cell. These
figures are undoubtedly sensitive to the size of

Bulk Ge

-===H in Ge

ENERGY (eV)

FIG. 1. Band structure of Ge in a simple cubic unit
supercell containing eight atoms is denoted by solid
lines, with degeneracies given in parentheses. The
dashed lines show the band structure when an un-
screened proton is introduced into a tetrahedral inter-
stitial site. The numbers denote the band degeneracies

supercell chosen. In particular, the charge on

the Ge atom midway between protons would be
expected to decrease rapidly as the supercell size
is increased. The Ge states at I" below -3 eV con-
tain small but significant amounts of charge within
2-3 a.u. of the proton, while those in the range
-3to 0 eV have very little charge in this region.

An impression of what can be expected from an
isolated unscreened proton in Ge can be obtained
from Fig. 1 as follows. Supposé we double the
dimension of the unit supercell which still contains
a single proton impurity. One effect is to reduce
the I'-X length by half; a second effect (which can
be ignored for a qualitative discussion) is to re-
duce the magnitude of the perturbation felt by the
Ge bands. The main effect can be accounted for
roughly by folding the bands from A,=(3,0,0)(27/
a,) to X, back to I' — A,. Actually bands from
elsewhere in the Brillouin zone (BZ) are also fold-
ed back. This results in 16 x 23=128 Ge valence
bands and still a single proton-related state (with
smaller dispersion due to a reduced H-H interac-
tion). This process can then be repeated. In the
limit of a single impurity, however, all states are
folded back to I' (there being no periodicity, the
BZ degenerates to a point). Bulk Ge states lie
arbitrarily close to the proton 1s level. The ap-
parent result willbe a more or less sharp resonant
proton 1s state in the midst of the Ge density of
states at ~6 eV. Small but perhaps significant
amounts of spectral density (i.e., local density of
states) associated with the proton will be spread
throughout the valence-band region.

There are various reasons why this calculation,
which would suggest E$°~7 eV and A(Ge)=0.6,
should not be taken literally. The most obvious
shortcoming is the use of an unscreened proton
potential, which would be expected to overestimate
both E, and A. However, even if a screened po-
tential were used, the lack of self-consistency of
this calculation makes its predictions question-
able. The importance of, and difficulty in, at-
taining self-consistency must now be addressed.

The system we are considering, i.e., a single
H impurity in a supercell, is known to be semi-
conducting and electrically neutral. A single
neutral H impurity atom in a supercell configura-
tion inevitably leads to an odd number of electrons/
(unit cell), which an automatic application of the
usual (paramagnetic) band theory would predict
to be metallic. Obviously this approach is wrong,
since it is the nonzero electron spin polarization
at the proton (actually, the muon) which is ob-
served in u*SR spectroscopy. Evidently the H
band in Fig. 1 should be occupied by a single
spin-up (say) electron, with the corresponding
spin-down state pushed into, or more likely above,
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the gap by a large correlation energy, thus lead-
ing to a net spin polarization as observed experi-
mentally. (These conclusions tacitly assume that
the tetrahedral interstitial site is one of those
observed to u*SR experiments.)

Simple estimates suggest that a correlation en-
ergy of the necessary magnitude (say, of the or-
der of 0.5 Ry) is likely to occur for the H-1s deep
donor state, even in its relaxed form which is be-
lieved to occur in Ge and Si. Consider first the
H-1s state, with an eigenvalue of —1 Ry. One
(spin-up) electron in this state is bound by 1 Ry,
but putting a second (spin-down) electron into the
1s state does not result in a total binding energy
of 2 Ry. Rather, the second electron in H” is
known to be only weakly bound (by ~0.75 eV). This
specifies a correlation energy of nearly 1 Ry for
the H-1s state. Relaxation of the 1s state outward,
induced by the host semiconductor lattice, will
reduce the correlation energy somewhat, but it is
not difficult to imagine an actual correlation en-
ergy of ~0.5 Ry for the deep donor state. For the
cavity model, estimates!? give a correlation en-
ergy of almost three times greater than the deep
donor ionization energy of ~1.5 eV.

It is apparent now that a rigorous description of
the H impurity in Ge requires a spin-polarized
treatment. It can be expected that the result of a
self-consistent local spin-density calculation would
be as follows. The spin-up potential ¥V, would be
strongly attractive in the interstitial cavity con-
taining the proton, closely approximating —e®/r
and strong enough to bind a state of primarily H-1s
character. The spin-down potential V, would have
a strongly screened (by the spin-up electron) -e?/fy
potential which is unable to bind an electron. The
difference V4 -V, should be of short range, how-
ever, as no disruption of the Ge lattice and its
bulk properties by interstitial H has yet been de-
tected.

However, there is a method for this system,
short of a full spin-polarized treatment, that can
be expected to yield an approximate solution con-
taining the important physical effects. As long as
theve is a single identifiable band (or state at T’
in a larger supercell) of primarily H-1s charac -
ter, one can in a self-consistent procedure occupy
this state singly and all other states doubly. This
will give an approximate account of both the intra-
atomic correlation and the local-field corrections
due to the host lattice. The results of an imple-
mentation of this program are described in Sec.
aI.

B. A digression on supercell effects

It is instructive to note on a quantitative level
the effect of the impurity on the Ge supercell band
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structure. As mentioned above, the reference
band structure, shown as solid lines in Fig. 1, is
that of Ge, but considering the unit cell is con-
sidered to be a cube containing 8 Ge atoms. Con-
sequently the Brillouin zone is simple cubic (sc)
with £ the volume of the fcc BZ. The fcc BZ can
be considered to be “folded down” into the sc BZ
in an appropriate manner. Specifically, the fcc
symmetry points I', X, L, W, and K are folded
back to the sc symmetry points I'y R, X, and M,
respectively. The folding back of the fcc bands
along I'-X is evident in Fig. 1.

In addition there are two fourfold bands, which
arise from the two rather flat Ge bands along
X-W and become folded back to I'-X in the sc BZ.
The degeneracy must be doubled since there are
12 inequivalent X -W directions and only six I'-X
directions. This fourfold degeneracy does not
occur in the true band structures of cubic crystals
and can probably be traced to space-group opera-
tions which leave the crystal, but not the unit cell,
invariant; i.e., symmetries which are ignored
when using a nonprimitive unit cell.

1t is the two fourfold bands which arise from the
zone -boundary X -W bands which are perturbed
by the proton potential. (The lowest valence band
is lowered by the average perturbation; this van-
ishes for an isolated impurity and therefore is of
no importance.) Thus in some sense it is the
zone-boundary states which are more important
in determining the deep donor energy and localiza-
tion. This is in contrast to the case of shallow-
impurity states, which can be constructed effic-
iently from near-band-edge crystal eigenstates.
It is fairly evident that very localized states can
not be easily built up from smooth (wave vector
k=~ 0) states. This observation is also consistent
with further results discussed in Sec. IV.

III. THE SELF-CONSISTENT INTERSTITIAL HYDROGEN
IMPURITY

In this section we describe the results of a
self-consistent investigation 6f the electronic
structure of interstitial H in Ge. As in Sec. II,
the proton is positioned in a high-symmetry tetra-
hedral site, and a supercell configuration is used.
To decrease the interaction between H atoms in
the H superlattice, we take as the unit cell a
rhombohedral cell with each linear dimension
three times that of the primitive diamond cell
(which contains two Ge atoms). The unit cell
therefore contains 2 x 3%=54 Ge atoms and one
H atom. The BZ volume conversely is reduced by
a factor of 27. The self-consistent procedure (de-
scribed below) will be carried out using a single
k point (I'), which will be roughly equivalent to
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using 27 k points in bulk Ge.

The Ge ions are described by an ionic pseudopo-
tential of the form given in Eq. (2), with the cor-
responding constants listed in Table I. This po-
tential gives a reliable bulk band structure and
has been used in surface and interface calculations
with good results.'®* To begin the self-consistent
procedure, the screened Ge potential referred to
in Sec. II was used. In addition, the H ionic pseu-
dopotential [Eq. (2)] was screened by the Walter -
Cohen!* dielectric function €(g) for Ge, as fitted to
an analytic expression by Wang and Kittel.® Of
course it is desirable to begin as near to the self-
consistent solution as possible. The dielectric
function €(g) contains no local-field effects and in
some sense describes a spatially averaged Ge
crystal. The H pseudopotential, which is placed
in a comparatively large empty cavity, is there-
fore somewhat overscreened at the beginning, but
this starting point represents an improvement over
an unscreened H potential.

With this as a starting point, the Hamiltonian is
diagonalized in a plane-wave representation. A
matrix size of the order of 650 x 650, correspond-
ing to an energy cutoff of 2.6 Ry, is necessary for
reasonable covergence of the wave functions. An
additional ~700 plane waves are included via Low-
din’s perturbation scheme to improve the accuracy
of the eigenvalues. The group symmetry at T" is
used to reduce the size of the secular matrix. A
complete description of the procedure is given
elsewhere.'

From an inspection of the charge densities of
the eigenstates, the state which is primarily H-1s
can be located. To account for the large correla-
tion energy, the charge density p(») is calculated
assuming this state to be singly occupied and the
lowest 108 states elsewhere to be doubly occupied.
From this charge density a direct Coulomb poten-
tial and exchange-correlation potential [proportion-
al to p*/3, @ =0.79 (Ref. 15)] are determined. The
sum of these potentials gives an “output” screening
potential which is mixed with the “input” screening
potential to define a new input potential which is
used to screen the ionic (H+54 Ge) pseudopoten-
tials. The secular equation is then re-solved. The
procedure is repeated until the desired criterion
for self-consistency is attained. The H-related 1s
state was easily located in each iteration, and
six iterations produced eigenvalues which were
stable to within £0.1 eV.

In Fig. 2 a contour plot of the self-consistent
pseudocharge density in the (110) plane containing
the H atom is shown. A small tendency of the H
to form bonds with both the nearest-neighbor Ge
atoms (two of which are shown) and second-neigh-
bor Ge atoms (one shown) is evident. However,

Total Valence Charge

FIG. 2. Contour plot in a (110) plane of the self-con-
sistent valence electron pseudocharge density for an
interstitial H impurity in a supercell containing 54 Ge
atoms. The solid lines denote Ge-Ge bonds, the hydro-
gen is denoted by the cross. A cross section of a single
unit cell is shown. The charge is normalized to unity
over the unit cell.

this bonding tendency does not seem to affect
appreciably the nearby Ge-Ge bonds, which re-
tain a structure typical of the bulk bonds (when
calculated in the same supercell procedure). The
Ge-Ge bonds near the edges of the supercell are
somewhat distorted; this is an artifact of the cal-
culation which will be discussed below.

In Fig. 3 the contributions to the charge density
from various parts of the energy spectrum are
presented. From Figs. 3(a) and 3(b) it can be
seen that there is a small amount of charge in the
H-occupied interstices contributed by the lower
half of the spectrum (-7 to —12 eV). A consider-
ably large amount of charge in the H-occupied
cavity results from states in range -4 to -6 eV,
as shown in Figs. 3(c) and 3(d). In band theory
jargon, this represents part of the H-s-Ge-p
hybridization. This hybridization persists to
some extent to the top of the valence band. How-
ever, there exists a single state, with an energy
eigenvalue of -0.8 eV, which is much more strong-
ly associated with the H impurity than any other
state. The charge density of this state L,, which
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FIG. 3. Contour plots of the relative charge density
arising from selected energy “windows” in the valence-
band region. Only the region between the dotted lines in
Fig. 2 is pictured. Note than even the Ge s states at
low energy feel the hydrogen impurity.

will be referred to also as the deep donor state,
is shown in Fig. 4(a). The deep donor character-
ization will be qualified somewhat in Sec. IV.

The effect of self-consistency on the deep donor
state was to give a higher degree of localization
and to bind it somewhat more strongly, i.e., to

State L,

at —47eV
L 2 L J

State L,

at —0.8 eV
*—o

FIG. 4. Charge density of (a) the “deep donor" state
L; and (b) the more tightly bound state L, which is also
hydrogen related. The region shown is the same as in
Fig. 3.
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counteract the aforementioned overscreening due
to the neglect of local-field corrections in the
dielectric function. The charge density of the

deep donor state is not as strongly localized as

is suggested by Fig. 4(a). In Fig. 5 we have plotted
the charge @(R), given by

R
Q(R):41TI Vszl(V)dT, v (3)

versus the radius R for this state. For compar-
ison, the analogous quantity is plotted for the total
self-consistent charge density p, , as well as for
the self-consistent H atom charge density py re-
sulting from a single H atom in the supercell.
[The short dotted line indicates the exact result
for a hydrogen atom; the oscillations in @4 (R) at
large R could have been eliminated by using a
larger number of reciprocal-lattice vectors in
the expansion of p;.] Only 35% of the charge of
the deep donor state lies in the region of space
occupied by the H-1s charge. The remaining 65%
is spread throughout the large supercell, but par-
ticularly on the Ge-Ge bonding chains which most
directly connect the H atom to another H atom in
the neighboring cell. Occupying this state singly
during the self-consistency procedure therefore
somewhat disrupts the Ge-Ge bonds near the edges
of the unit cell as well as some of the Ge states
near the gap, the artifact referred to earlier.
This disruption is small and should produce only
a small perturbation in the region of the H atom.
Other than the L, deep donor state, there is
only one other state with a significant amount

0.8
=
(¢
w 0.6
O
oz
£
O 0.4
/ R
{ QR)= 41rfr2p(r)dr
0.2} ’I H —
! 12 34 Ge SHELLS
0 0.1 0.2 0.3 0.4
R/a

FIG. 5. Integrated charge @ (R) vs radius R for the
Ly state (pz,), the total charge density (p, shown in
Fig. 2), and the hydrogen atom in a supercell (pg). The
dotted line gives the exact result for a hydrogen atom.
The radius scale a is three times the Ge lattice constant.
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(>2%) of its charge in the H-occupied cavity. This
state is the L, state shown in Fig. 4(b); approx-
imately 5-10% of the charge of this state can be
attributed to the H atom. The correlation energy
should be small compared to its binding energy of
~5 eV, justifying its treatment as a band state.
The L, charge density is included in that shown in
Figure 3(d).

To complete this section we consider the predic-
tions of the deep donor ionization energy and hy-
perfine splitting ratio. Assuming the eigenvalue
difference E, - £, between the conduction-band
minimum E_ and the L, eigenvalue can be associat-
ed with the ionization energy E,, the prediction is
E$°~1.6 eV (the Ge gap is 0.8 eV). The hyperfine
ratio cannot be expected to be given accurately in
a pseudopotential calculation, since the potential
at the proton, and thus ’z/)Ll(O) |? is somewhat ar-
bitrary. However, the ratio can be estimated
from the related ratio

A'(Ge)= ]¢L1(7m) lz/lzl)vac(ym) ’2 ’ (4)

where 7, is the position of the maximum in the
radial charge density 4m»%p,(») of the free H atom
(r =2 a.u.). This ratio is given accurately in a
pseudopotential treatment and is found to be
A’(Ge)= 0.4, about 30% smaller than the measur-
ed value of A(Ge). These predictions are some-
what oversimplified and will be discussed further
in Sec. IV, in which the isolated H impurity is
discussed.

IV. IMPLICATIONS FOR THE ISOLATED HYDROGEN
IMPURITY

The calculations of Secs. II and III suggest a
localized state associated with H lying in the Ge
valence-band region. However, it is impossible
for a perfectly sharp and strictly localized state
to exist in a continuum of delocalized states, since
mixing with continuum states of the same energy
can always occur. The situation is reminescent
of the classic treatment by Anderson'® of localized
magnetic states in metals. However, the presence
of a gap between occupied and empty states in Ge
precludes spin compensation by continuum states.
Thus an isolated hydrogen impurity will be ac-
companied by a net spin of one Bohr magneton,
and the Anderson model does not apply directly.
An extension of the Anderson model to transition-
metal impurities in semiconductors has been
given by Haldane and Anderson,!” but for transi-
tion-metal impurities the multiple charge states
in the gap are of primary interest. Since H" is
almost certainly unbound in a semiconductor and
neutral hydrogen appears to lead to polarized
state(s) only below the ‘valence-band maximum,

states in the gap (which would be more readily
identifiable experimentally) are not present to
obscure the new physics occurring at lower ener-
gies.

The calculational results we have presented are
based on the self-consistent density functional
formalism, !®* which generates the ground-state
energy and charge density but guarantees nothing
regarding excited-state spectra and one-electron
wave functions. In practice, however, the inter-
mediately generated one-electron-like eigenvalues
and eigenfunctions have been found to be very
useful in interpreting excited state properties as
long as the one-electron states which are involved
are not too localized. Thus the binding energy of
a very localized state, such as the deep donor
state of Sec. III, is not necessarily given by the
difference in eigenvalues E, - E; .

To estimate the corrections to the deep donor
binding energy E,, we consider the corresponding
results'® for the (spin-polarized) neutral H atom,
assuming an exchange-correlation potential co-
efficient @ =0.79 as in Sec. III. The total energy,
which is the negative of the binding energy, is re-
produced rather well, E;=-13.7 eV (compared to
the exact value of -13.6 eV), but it is not given by
the 1s eigenvalue €,,=-8.1 eV. Both Ey; and €,
can vary by ~1 eV depending on the exchange-cor-
relation functional which is used, but our point
here is that the binding energy E, of the 1s-like
deep donor state may be several eV greater than
the eigenvalue difference E, —ELl. An upper limit
of 5.5 eV to the correction of E, is given by the
hydrogen atom calculation described above, so
we can conclude 1.6 eV<E, <7 eV.

It is possible to anticipate some features of a
spin-polarized study of this system. The present
treatment of correlation, i.e., occupying the deep
donor state only once (with spin up, say), results
in the correct charge in the vicinity of the proton
and a correct Coulomb potential. The exchange-
correlation potential is assumed to be the same for
spin up and spin down, however, and this would
be corrected in a spin-polarized study. The cor-
rect exchange-correlation potential will result
in the spin-up electrons seeing a relatively un-
screened proton, with a resulting E, , eigenvalue
which is lower than found here and a spectral den-
sity which is perhaps strongly perturbed at other
energies. The spin-down electrons, however,
will “see” a proton which is well screened by the
“localized” spin-up electron and will be relatively
less affected. As a result the spin density at the
proton (taken to be at the origin) p*(0) - p*(0),
which is measured by u*SR, may not result en-
tirely from a single 1s-like state, but rather from
a continuum of states of both spins. In Sec. III, it
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was found that the predicted spin-density ratio
from the deep donor state only is 30% smaller

than the measured value. It is likely that the con-
tinuum corrections, which would be available in

a spin-polarized treatment, would result in a much
closer agreement with the experimental ratio.

V. DISCUSSION AND CONCLUSIONS

The primary result of this study is that a self-
consistent calculation of interstitial H in Ge, in-
cluding the effects of strong correlation at the H
site, indicates a singly occupied deep-donor-like
state in the valence-band region. This result is
consistent with positive muon spin rotation mea-
surements. The binding energy of the deep donor
state is bounded by the relation 1.6 eV<E, <7 eV.
The resulting moment of one Bohr magneton is
free to rotate and should contribute to the suscep-
tibility.

The present study goes beyond previous studies
of hydrogen impurities in semiconductors by con-
sidering both the local environment of the impurity
(i.e., local-field corrections) and the strong in-
tra-atomic correlation which must be present,
and by including both of these in a self-consistent
manner. Still, this treatment is only approximate,
since the strong correlation is not treated in a
rigorous procedure. A self-consistent spin-pol-
arized calculation, which we have not yet attempt-
ed, would provide a more rigorous basis for -
studying this system.

In this study, we have treated the case where
the proton (or muon) occupies the tetrahedral in-
terstitial position, and we have ignored any pos-
sible effects of thermal or zero-point motion.
Although the deep donor muonium state is often
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interpreted in terms of this position, ?° there is
no previous evidence of the position(s) the proton
is likely to occupy. The extended Hickel calcula-
tions of Singh et al.® suggest the tetrahedral posi-
tion as the most stable, however.

The results we have presented lead to the ten-
tative conclusion that sydrogen impurities in Ge
do not occupy the tetrahedral interstitial position,
for if they did they would show a hyperfine spitting
as does the positive muon. The' splitting, which is
just that seen in U*SR experiments, would show up
in electron spin resonance and nuclear magnetic
resonance experiments, in contradiction with the
findings to date.?® Possibilities for diamagnetic
configurations of hydrogen in Ge include molecular
hydrogen and formation of a H-Ge bond at a vac-
ancy, as well as more involved H-related com-
plexes. This difference between the proton and
muon sites can be accounted for by noting that the
muon does not have time to migrate to defects,
etc., before decaying, whereas the proton has
essentially an infinite time to find the most stable
configuration. We consider it unlikely that the
difference in zero-point motion plays any impor-
tant role in the site determination.
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