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A dangling bond (db) is an important point defect in silicon. It is realized in crystalline silicon by defect
complexes of the monovacancy V with impurities. In this work, we present spin-polarized density-functional
theory calculations of EPR parameters (g and hyperfine tensors) within the GIPAW formalism for two kinds of db
defect complexes. The first class characterizes chemically saturated db systems, where three of the four dangling
bonds of the isolated vacancy are saturated by hydrogen (V H;) or hydrogen and oxygen (hydrogen-oxygen
complex, VO H). The second kind of db consists of systems with a Jahn-Teller distortion, where the vacancy
includes either a substitutional phosphorus atom (the E center, V P) or a single hydrogen atom (V H). For all
systems we obtain excellent agreement with available experimental data, and we are therefore able to quantify
the effect of the Jahn-Teller distortion on the EPR parameters. Furthermore we study the influence of strain to
obtain further insights into the structural and electronic characteristics of the considered defects.
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I. INTRODUCTION

The vacancy V is an important point defect in silicon,
which originates from a missing atom in the host lattice, and
which can form aggregates with further vacancies or with
impurities. This is the case for oxygen, which is incorporated in
Czochralski-grown silicon forming the well-known V O defect
complex'= (the A center) or, equivalently, with phosphorus
forming the V P defect complex* (the E center). In addition,
the interaction of vacancies with hydrogen has been of great
interest,>® since it can be used for a complete passivation of
the vacancy.

One key experimental tool for the structural characteri-
zation of these defects is “electron paramagnetic resonance”
(EPR) spectroscopy.’~ This extremely sensitive technique can
yield information on the symmetry of the defect as well as on
the chemical identity of the involved atoms. In the case of
silicon, several hundreds of EPR centers have been reported
so far.!®!! From the spectrum one can obtain information
on the g tensor (interaction of the unpaired spin with the
external magnetic field) and the (super-) hyperfine tensors
A (interaction of the unpaired spin with the spins of nuclei
nearby). Both are characterized by their eigensystem, i.e., their
eigenvectors and eigenvalues, but it is also common usage to
express A through a set of (hyperfine) parameters,” namely
the Fermi contact interaction a, the uniaxiality b, and the
rhombicity c.

From experimental data alone, in particular from the relative
intensities of the hyperfine satellite line to the central lines,
one obtains information about the atomic species involved in
the defect structure. However, the development of a detailed
atomistic structural defect model requires comparison with
theoretical calculations of the EPR parameters. A very efficient
approach for defects in semiconductors is based on spin-
dependent “density functional theory” (DFT) utilizing ab initio
pseudopotentials.'>!3 In particular, the computation of the g
tensor is conceptually challenging and a proper method for
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the plane-waves basis set has been established only recently
(GIPAW-formalism).'?

With such an accurate method at hand, it is possible to study,
for example, how the symmetry-lowering Jahn-Teller (JT)
distortion of point defects in silicon is related to the measured
EPR parameters. In this material essentially three kinds of
JT-distorted systems have been studied so far, namely the
already mentioned monovacancy,®'# the E center,*!>!% and
the divacancy.!”?° For the E center and the divacancy, there
has been a long debate concerning the true symmetry-lowering
relaxation mode of the ground state, which can be either
resonant or pairing.?!">? In the case of the pairing JT distortion,
two defect neighbors form a long Si-Si bond, so that the
distance between these atoms d; becomes smaller than their
common distance to the third neighbor d, (i.e., d; < d>). The
resonant JT-relaxation mode corresponds to the opposite case:
Two atoms move apart while the third neighbor moves toward
both atoms, so that finally there are two shorter distances and a
larger one (i.e., d; > d;). As ab initio calculations have shown,
both configurations have a similar formation energy and have
consequently a comparable stability.?!>3-23

In this work, we present spin-polarized DFT calculations
of the EPR parameters for two kinds of db defects in
crystalline silicon (see Fig. 1). The first kind has only one
unpaired electron inside the vacancy with the other three
electrons chemically bonded to impurities. One of these
models originates from the A center, i.e., the oxygen-vacancy
complex, if an additional hydrogen is trapped inside the defect
(VOH). The other one is the hydrogenated vacancy with
three hydrogens attached (V H3), which has been identified by
Fourier transform infrared”*->® and Raman®>* spectroscopy
but not by EPR so far. The second class of db models has
initially three unpaired electrons inside the vacancy, so that
the structure undergoes a symmetry-lowering JT distortion
upon relaxation. Specifically we consider the E center with a
substitutional phosphorus (V P) and the vacancy containing a
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FIG. 1. (Color online) (a): The VO H db model: oxygen (red color) binds to two neighbors (black color) of the vacancy. The hydrogen
atom (in blue) passivates the broken bond of the third neighbor, leaving one unpaired electron, which is located on the fourth neighbor of the
vacancy (as indicated by the spin density in yellow). Notably there is also spin polarization on the oxygen atom. (b): The V H; db model:
three hydrogen atoms passivate the corresponding broken bonds of the vacancy. (c): The V H db model: Two neighbors (JT) of the vacancy
form a long bond, whereas the third is again passivated by hydrogen. (d): V P db model: Again two silicon atoms (JT) combine. Substitutional

phosphorus (green color) removes the third electron from the vacancy.

single hydrogen (V H). From the comparison of both db-defect
classes we show the actual impact of the JT distortion on
the EPR parameters. For further characterization of the db
systems, we consider the influence of hydrostatic strain. This
conceptual study gives us trends which are useful for the inter-
pretation of EPR data in hydrogenated amorphous silicon.?!~33

II. COMPUTATIONAL METHODS

For the ab initio calculation of the EPR parameters, we
have used the plane-wave DFT code QUANTUM ESPRESSO**
(v4.2.1), in which the GIPAW formalism'?> has been re-
cently implemented. We employ the Perdew-Burke-Ernzerhof
functional®> and norm-conserving pseudopotentials*® with a
scalar-relativistic correction for silicon.®?” Convergence of the
relaxation and EPR parameters with respect to the plane-wave
cutoff is found to be within 30 Ry. Notably, within this
approach one does not observe a strong dependence of the
isotropic hyperfine coupling on the cutoff energy as found
previously for the single-projector approach.'>3 Our initial
structures reflect the perfect D;; defect symmetry, and in

particular, we do not place any symmetry constraints on the
expected JT distortion for the VH and V P db model. The
maximum force on an atom is below 4 meV/A, which is
adequate for getting the characteristics of the db models.
The Brillouin zone integration is done on a Monkhorst-
Pack mesh.* The geometric relaxation and the hyperfine
parameters can be obtained with sufficient accuracy by a
3 x 3 x 3 sampling. The computation of the g tensor requires
a significantly denser 6 x 6 x 6 k-point mesh.

The db models are based on a supercell approach. To
compare with experiment we use 3 x 3 x 3 cells (216 Si
atoms without the defect), which also gives us the possibility
to study the distribution of the spin into the further network.
For obtaining the relevant dependencies of the EPR parameters
on strain, we relax the system at different lattice constants. In
the case of the strained V O H and V H; db models, we make
use of smaller, less resources-demanding 2 x 2 x 2 supercells
(64 atoms without the defect), since their electronic structure
is less sensitive to the supercell size. To circumvent the
already-mentioned problems with the mode of JT distortion for
the V H and V P db model, i.e., pairing or resonant, we start the
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relaxation for strained cells from the relaxed, pairing-distorted
structure at the ideal lattice constant. This procedure ensures
the stability of the pairing relaxation mode under study (i.e.,
the localized db character) for a broader range of applied strain.

For comparison of our results with an all-electron
approach,*’ we have carried out calculations for small molecu-
lar radicals. In accordance with previous studies,*! we consider
the silyl (SiH3) and tetrasilyl radical (SigHy), for which we take
the structure from the all-electron calculation to remove the
effects of differences in the local db geometry. We employ an
uncontracted WTBS basis set for silicon and the EPR-III basis
set for hydrogen, and a Douglas-Kroll-Hess 0-order relativistic
Hamiltonian. For the uniaxial g tensor we obtain a discrepancy
on the order of 0.001 for the normal component and a
negligible difference for the parallel component. The isotropic
hyperfine constant of the db atom shows a significant deviation
for the silyl radical (on the order of 120 MHz, i.e., 19%), which
can be attributed partly to core-polarization effects. This is also
indicated by the much smaller disagreement for the tetrasilyl
radical (on the order of 40 MHz, i.e., 13%). In contrast to that,
the anisotropic coupling constant is practically the same in both
approaches. The isotropic couplings for the hydrogen atoms
are more sensitive, which can be related to the polarization by
the spin density of the db atom. The differences are smaller
for weakly-polarized hydrogen (~3 MHz). The results for our
crystalline dangling bonds are not so strongly affected by this
discrepancy, since the hydrogen atoms in these systems have
a small coupling to the spin density as well.

III. RESULTS AND DISCUSSION

A. Defect geometry

The relaxation pattern strongly depends on the chemical
composition of the defect complex. In the case of VOH
the two silicon atoms bonded to the oxygen move into the
vacancy, while in turn, the db atom and the neighbor with
the attached hydrogen move outwards. The resulting defect
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symmetry is Cy;, in accordance with previous findings.*>*3 In

comparison to bulk silicon, the bond lengths of the db atom to
its next neighbors are shorter whereas the corresponding bond
angles are larger, which essentially means that the db atom is
pressed into the network. Such a tendency can be also seen
for the V H3 db model, for which actually all defect neighbors
move away from each other due to the small space in the
vacancy. In this case, the relaxed defect symmetry is C3,, and
the db geometry is again rather planar. For the V H and the
V P model one obtains the experimentally observed'> defect
symmetry (Cy;, symmetry) as well as the formation of a long
Si-Si bond with alength of 3.08 A and 2.95 A, respectively. The
relaxation corresponds in both cases to a pairing JT distortion
with the larger defect-neighbor distance being 3.67 A and 3.59
A, respectively. The db atom remains essentially at the bulk
lattice site. However, whereas the SiH group of VH moves
outwards, the phosphorus atom of the V P db model relaxes
toward the defect center. The db geometry of both models is
not uniform with respect to the backbond neighbors, but on
average the angles are smaller compared to the VOH and
V H3 model. This is also reflected in the hyperfine parameters
as we will discuss below.

We note in passing that the relaxation pattern is rather
insensitive to the computational details. At first glance, this
is surprising, since the modeling of the monovacancy shows
the opposite tendency.'?'**45 Apparently the presence of an
impurity stabilizes the JT distortion.

B. The effect of the Jahn-Teller distortion on the EPR
parameters

In Table I we compare the results of our DFT calculations
with experimental data for the g tensor. The overall agreement
is on the same order as the above-mentioned methodological
differences between the GIPAW and the all-electron calcula-
tion for small molecular systems. In general, the theoretical
eigenvalues tend to underestimate the experimental ones, and

TABLE I. Comparison of ab initio calculations with experiment for the g tensor for various deep-level defects in crystalline silicon. The
isotropic component is denoted by g5, and gx, gy, gz stand for the eigenvalues associated with the corresponding principle axis. ® is the

angle between g7 and the [110] axis.

VOH V H; VH VP
8o Theory 2.0059 2.0074 2.0060 2.0068
Exp. (Refs. 4,15, and 43) 2.0061 2.0070 2.0071
A —0.0002 —0.0010 —0.0003
8x Theory 2.0082 2.0108 2.0121 2.0128
Exp. (Refs. 4,15, and 43) 2.0086 2.0114 2.0112
A — 0.0004 0.0007 0.0016
8y Theory 2.0081 2.0108 2.0063 2.0079
Exp. (Refs. 4,15, and 43) 2.0084 2.0090 2.0096
A —0.0003 —0.0027 —0.0017
8z Theory 2.0013 2.0005 1.9995 1.9996
exp. (Refs. 4,15, and 43) 2.0013 2.0006 2.0005
A 0 —0.0011 —0.0009

(C) Theory 39.1° 353° 27.2° 30.6°

Exp. (Refs. 4,15, and 43) 39.2° 32.4° 32°
A —-0.1° —5.2° —14°
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TABLE II. Comparison of ab initio calculations with experiment for the A tensor for various deep-level defects in crystalline silicon. a
stands for the isotropic, and b for the anisotropic hyperfine parameter, respectively. In addition to that, the eigenvalues of the A tensor, Ay, Ay,
Ay, are reported. © is the angle between A and the [110] axis. The difference between experiment and theory is given by A. For completeness
we also mention the results from a self-consistent, semiempirical tight-binding (tb) calculation*” for the hydrogen-vacancy db defects.

VOH V H; VH VP
a (MHz) Theory —292 —314 —337 —350
Exp. (Refs. 4,15, and 43) —297 — 328 — 347
A 5 (2%) -9 (3%) -3 (1%)
Theory (Ref. 47) (tb) — 498 —457, — 464
b (MHz) Theory —61 —60 —52 —-52
Exp. (Refs. 4,15, and 43) —61 —53 —-52
A 0 1 (3%) 0
Theory (Ref. 47) (tb) —56 —47, —44
Ay (MHz) Theory —230 —253 — 285 —300
Exp. (Refs. 4,15, and 43) —236 —275 —295
Ay (MHz) Theory —231 —253 — 285 —300
Exp. (Refs. 4,15, and 43) —236 —275 —295
Az (MHz) Theory —414 —434 —442 —451
Exp. (Refs. 4,15, and 43) — 418 — 435 — 450
® Theory 34.7° 35.3° 35.4° 35.4°
Exp. (Refs. 4,15, and 43) 35.3° 35.3° 35.3°
A —0.6° 2%) 0.1° (0%) —0.1° (0%)
Theory (Ref. 47) (tb) 35.3° 35.3°,35.5°

the differences are slightly larger for the systems with a JT
distortion. The angle ® between Z and the [110] axis shows a
negligible deviation for the VO H defect and a large one for
the V H defect. The gi5, value has a smaller variation among
different db defects compared to surface db defects.*® Besides
this one can clearly see how the JT distortion affects the g
tensor. Firstly, it breaks the uniaxial symmetry observed for
the VO H and V H; model. This is intuitively clear, since the
bonding state lowers the electronic symmetry, which is crucial
for the g tensor.®® Secondly, the Z axis is oriented differently
for the JT-distorted systems, since ® is larger than the ideal
value (35.3°) for the V O H model but smaller for the V H and
V P defect.

The calculated hyperfine tensor agrees very well with
experiment (see Table II) with an error on the order of 10 MHz
for the isotropic coupling and a practically vanishing one for
the anisotropic coupling. The larger discrepancy for the a
parameter is expected, since this quantity depends on the spin
density p(r) close to the nucleus,®3” whereas the b parameter
is an integrated quantity.>'> Consequently, the isotropic
parameter should also be more sensitive to differences in p(r).
Interestingly, the agreement between theory and experiment is
much better than expected from the pure theoretical error bar
derived from our molecular test systems. We attribute this to
a less pronounced effect of core polarization in the crystalline
environment, since the spin density is able to delocalize into
the network and it is consequently smaller in magnitude at the
db atom. The variation in the hyperfine parameters among the
considered models is larger than for the surfaces,*® which can
be explained by the larger variations in the db geometry as well
as the effect of the long Si-Si bond. The a parameter indicates
the s character of the wave function,'® which in turn is related

to the bond angle (Fig. 2). As visible, the coupling becomes
smaller with increasing bond angle (between the db atom and
the backbond atoms) which agrees with the sp hybridization
picture of the db orbital.*! However, one does not observe a cor-
responding increase in the b parameter (which probes for the p
character in sp bonded systems like silicon), since this quantity
is more affected by the long Si-Si bond in the JT-distorted
systems (Table II) as expected from its stronger spatial depen-
dence on the defect surrounding compared to a. It is interesting
to note that the JT distortion has no affect on the symmetry and
the orientation of the A tensor. Overall these findings clearly
show that the g tensor is sensitive to the electronic structure
beyond the spin-carrying db orbital, and the hyperfine tensor
to the local spin-density distribution, respectively.

—280r

-300}

a (MHz)

=320}

—-340}

108 109 110 111 112 113 114
bond angle (deg)

FIG. 2. (Color online) The relation between the isotropic hyper-
fine constant and the mean bond angle between the db atom and
its backbond neighbors. The trend follows the expectation of sp
hybridization of the db orbital (Ref. 41). The bond lengths among
the db models vary insignificantly (on the order of 0.02 A).
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TABLE III. Isotropic superhyperfine couplings (in MHz) for characteristic defect atoms. The number of occurrences is denoted in brackets.
Si (JT) stands for the silicon atoms forming the long Si-Si bond, and Si (JT-bb) stands for a corresponding neighbor (one per each involved Si
atom), Si (H) for the silicon atom bond to hydrogen, and Si (2nd-bb) and Si (3rd-bb) denotes the second and third backbond neighbor of the

db atom respectively.

Atom VOH V Hs VH VP

Si (JT) 40 (2x) 40, 42

Si (JT-bb) 24 (2%) 28 (2x)
Si (H) 25 “11,-12 (2%) 4

Si (2nd-bb) ~31,-35 (2x) -35(3%) 29,32 (2x) 29,31 (2x)
Si (3rd-bb) 21 (3x) ~17,-18 (2x) —14,-15 (2x) ~13,-14 (2x)

It is also illuminating to consider the superhyperfine
coupling of neighbors because it gives a better understanding
of the spin distribution within the network. For that purpose
we list the isotropic hyperfine couplings of relevant Si atoms
in Table III (see also Fig. 3). First, we recognize that the net
coupling between the atoms forming the weak bond is almost
the same for the V H and the V P model. The rather small value
agrees well with the expectation of a long Si-Si bond between
both atoms. Furthermore, for the V P defect, there is again
excellent agreement with the experimental value,* agxp = 37
MHz, with the difference thus being only 5 MHz. This again
proves that we are able to reproduce the measured defect
geometry unambiguously. From the results it is also obvious
that some spin leaks out into the local environment of the weak
Si-Sibond, since each atom has one neighbor with a significant
isotropic coupling. Besides these effects specific to the VH
and V P model, one obtains in general a strong superhyperfine
coupling on the second backbond neighbor of the db atom,
which has been already observed in previous studies.*!**® For
the V H model, the deviation from experiment*® is again rather
small (3 MHz). Overall, the isotropic coupling at the backbond
atoms is determined by the bond angle at the db atoms. The
larger the bond angle (see Fig. 2), the larger the isotropic
hyperfine coupling at the backbonds. This observation is in
agreement with the expectation that for large bond angles more
spin density is pressed into the network.

\ I-/SiJT-bb
\ IJT\ /SiJT-bb
—Si-H Siy—

\
PN

2nd / 3rd bb

FIG. 3. (Color online) Illustration of the characteristic defect
atoms for the V H defect. Two vacancy neighbors [Si (JT)] form a
long Si-Si bond. Each bond partner has one backbond neighbor with
a significant isotropic hyperfine coupling [Si (JT-bb)]. One vacancy
neighbor is passivated by hydrogen [Si (H)]. Further characteristic
atoms are located at the backbond side of the dangling bond [Si
(2nd-bb), Si (3rd-bb)]. The corresponding hyperfine parameters for
the considered db models are listed in Table III.

For completeness we mention that the hyperfine parameters
for the hydrogen and the phosphorus atom are also close
to their experimental counterparts. In case of hydrogen it is
important to use a functional based on the general gradient
approximation®® to obtain a reasonable isotropic coupling
constant.** For the VOH defect (the only model with a
significant a coupling) it then differs by 1 MHz from the
experimental value,*® whereas the b parameter shows a
discrepancy of about 0.6 MHz. The hyperfine interaction of
the phosphorus atom is also reproduced* well by theory (the
difference is practically vanishing).

Concerning the relative orientation of the g and A tensor,
it is interesting to note that they are perfectly aligned (i.e., the
angle o between gz and A is zero) only for the V Hs; defect
with the C3, symmetry. For the VOH and the V P defect
with the Cy; symmetry, both tensors have slightly different
orientations with o being 4.45° and 4.80° respectively. The
V H dangling bond has an even larger angle (o = 8.22°). In
particular the deviation for the VO H defect is remarkable,
since it shows that collinearity is not always fulfilled when
both tensors are uniaxial.

C. Strain

We have also considered the dependence of the EPR
parameters on hydrostatic strain, since this can give further
insights into the structural characteristics of the db defect. For
large compressive strain (2-5% of the lattice constant x),
the band gap closes and the system becomes metallic. In this
case, the JT distortion changes to a resonant mode, since the
spatial separation of the unpaired electrons becomes smaller
and their interaction is enhanced. For very large tensile strain
(more than 5% of xy), the distances among the silicon defect
neighbors become similar (i.e., d; = d,) and, consequently,
the JT distortion vanishes. In conclusion, since we are only
interested here in the db character of the V P and V H defect,
we only consider a parameter range in which the db character
is preserved and for which the JT distortion corresponds to a
pairing mode.

Figure 4 shows the trends for the principal values of
the g tensor under strain. We see that gx,y decreases with
increasing lattice constant, as expected from the second-order
perturbation picture,®° according to which the deviation from
the free-electron value is inversely proportional to the energy
splitting between the singly-occupied db orbital and all other
orbitals. Our results illustrate in particular that for large
tensile strain, the specific chemical environment becomes
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FIG. 4. (Color online) The variation of the principal values of the g tensor with respect to strain, characterized by the deviation from the
lattice constant xo. For compressive strain we only consider the range in which the db character of the system is preserved. (V H;: large-dashed,
orange line; V O H: dotted, cyan line; V H: dashed, black line; V P: dot-dashed gray line).

insignificant, since both the VOH and the V H; model
converge to the same g values. The JT-distorted systems have
a significantly deeper decrease for gy and gy, whereas the gz
components are more or less just shifted with respect to the
other two db systems. Besides that, compressive strain leads to
a larger rhombicity, which might originate from the electronic
coupling to a larger number of orbitals as the band gap closes.

For the hyperfine parameters we observe the following
trends for the V O H and the V H; model (Fig. 5). The isotropic
coupling decreases with increasing lattice parameter, while the
anisotropic coupling increases at the same time. This can be
attributed to the sp hybridization of the db orbital, and it is
in accordance with previous findings.*! As shown in Fig. 6,
the bond length becomes gradually larger the more the lattice
is stretched. At the same time, the system relaxes to a more
planar structure with larger bond angles. Consequently, the db
orbital changes from an sp? configuration to a pure p one,
and this then leads to the observed hyperfine parameters with
increased anisotropic parts b.

The JT-distorted db systems have in principle a similar
dependence of the bond parameters on strain. In particular, the
bond lengths scale similarly as for the nondistorted defects.
The larger deviations in the bond angles for compressive strain
can be traced back to the asymmetry in the db structure (one
angle is smaller than the other two), and it decreases for larger

pressure (kbar)

190 97 28 g » .
~250} e
o) 00 M. LT e
N o >
= . s
2 -350 S -
s > =20
-30k~_
— 400} S S
-50 <o?
—450¢ ~0.05 0 0.05
-0.05 0 s
(x=x9)/x0

lattice constants. A similar trend is found for the anisotropic
coupling, namely the b values for the V P and V H model are
shifted upward by about 10 MHz compared to the VO H and
V H; defect. However, for the a parameter the most significant
difference between the JT and the nondistorted db systems
is observed for tensile strain up to 5%. This can be related
to the spin coupling of the unpaired db electron with the
electrons forming the long Si-Si bond, since their isotropic
hyperfine coupling increases in this range. It can also be seen
in the distances between the defect neighbors, for which the
difference between d; and d, (i.e., the structural characteristics
of the JT distortion) becomes gradually smaller with increasing
tensile strain. For larger lattice constants, the JT-distorted
systems also show the effect of sp hybridization. This picture
is also consistent with the observations made for the g tensor,
i.e., that for large tensile strain, the db defect is basically
determined by the local (planar) structure and not by electronic
effects. In summary, the influence of strain on the EPR
parameters is characterized by the band gap for compressive
strain, and by the bond angle for large tensile strain. While the
qualitative effects have already been discussed in the context
of hydrogenated amorphous silicon,*>>? our studies show that
variations of strain on the order of 0.01 have a noticeable
influence (such as 10-20 MHz for the isotropic hyperfine
coupling).

pressure (kbar)

190 97 28 - - 71
~20f o
- |- VOH
-30f A
_ \\. ----- VH
T —40 N
: yP
< _s0f
—60f R f
T, 1
-0.05 0 0.05
(x=x9)/x0

FIG. 5. (Color online) The variation of the hyperfine parameters with respect to strain, characterized by the deviation from the lattice
constant x,. For compressive strain we only consider the range in which the db character of the system is preserved. The inset in the left figure
shows the corresponding dependence of the defect neighbors Si (JT) which form the long Si-Si bond. (V Hj: large-dashed, orange line; V O H:

dotted, cyan line; V H: dashed, black line; V P: dot-dashed gray line).
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FIG. 6. (Color online) The variation of the bond parameters (bond length and bond angle) at the db atom with respect to strain characterized
by the deviation from the lattice constant x,. For compressive strain we only consider the range in which the db character of the system is
preserved. The three bond lengths for the V H and V P model are approximately equal (within 0.02 A). However, since one bond angle is
notably smaller than the other two, we plot it separately in the figure on the right side. (V Hj: large-dashed, orange line; V O H: dotted, cyan

line; V H: dashed, black line; V P: dot-dashed gray line).

IV. CONCLUSIONS

In this article we have considered four prototypical
dangling-bond models in crystalline silicon. Two models
are based on a complete passivation of the remaining three
defect electrons either by hydrogen and oxygen or instead
by three hydrogens. The other two models contained either a
substitutional phosphorus (the E center) or a single hydrogen
trapped inside the vacancy.

From our results we conclude that there is good agreement
between the available experimental data and our theoretical ap-
proach (GIPAW formalism). On the one hand, this implies that
we have found the experimentally relevant atomic structures, in
particular confirming the expectation of a pairing Jahn-Teller
distortion in case of the V P and V H defect.*!> Notably, the
difficulties in the theoretical modeling of the monovacancy do
not occur.24445 On the other hand, our results also quantify
the accuracy of the GIPAW formalism for point defects in
silicon, which is on the order of a few thousandths for the g
tensor and up to 3% for the hyperfine parameters.

Furthermore we have shown how the JT distortion affects
the EPR parameters. For these models, the g tensor becomes
rhombic and the angle between the Z component and the
[110] direction is smaller than the ideal one. In the hyperfine
parameters, the JT distortion causes a smaller anisotropic
hyperfine coupling (i.e., smaller p character of the db orbital).

On the other hand, the isotropic hyperfine coupling of all db
models can be explained by the bond angle of the db atom. With
respect to db defects in hydrogenated amorphous silicon,! it is
interesting to note that the isotropic hyperfine parameter shows
only a small variation (in between 290-350 MHz) among the
considered crystalline db models.

A systematic decrease of the isotropic coupling can be
observed for large tensile strain, when the db models become
planar independently from their actual electronic structure. For
compressive strain, the main influence is given by the band gap,
i.e., the amount of strain (on the order of 2-5% of the lattice
constant xg) for which the unpaired electron delocalizes and
the system thus becomes metallic. For the mode of the JT
distortion this implies that one observes the resonant mode for
compressive strain and the pairing distortion for tensile strain
respectively.
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