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Mn doped GaAs is a potentially important material for the construction of dilute-ferromagnetic semicon-
ducting devices. Due to the Mn ions representing both the magnetic ion and acceptor, the addition of hydrogen
to selectively passivate Mn ions while retaining the magnetic properties has been suggested. However, the
location of the H atom in the defect remains to be determined unambiguously. We present the results of
density-functional calculations regarding the structure, vibrational and dilatation effects of Xg, and Xg,-H
complexes for X=Mn, Be, Mg, and Zn. In all cases, H passivates the acceptor and energetically favors the
bond-centered site. Passivated Mng, is found to have a high-spin configuration of S=5/2.
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I. INTRODUCTION

Recent years have seen a huge effort in the development
of dilute ferromagnetic semiconductors (DFS). Although
theoretically wide-gap materials such as ZnO and GaN
would give the highest Curie temperature (7), lying above
room temperature for a hole concentration of 10'® cm™, ef-
fective p-type doping for these materials is a significant ob-
stacle to the realization of this aim.

Perhaps the clearest results in III-V materials have been
obtained for Ga,Mn,_,As, since the Mn ions yield both the
magnetic and p-type doping components. The acceptor level
of Mng, is around 0.11 eV above the valence band top,'?
and can be viewed as a 3d° ion binding an effective-mass-
like hole.>¢

However, the dual role of Mn may not be ideal since 7
depends both on the magnetic moments of the Mn?* ion
cores, and on the cube root of the hole density. It is viewed
as advantageous to be able to independently control these
two components. One mechanism suggested is codoping
with additional acceptors, which has had some success.”8
However, this method may be frustrated by the solubility of
Mn being strongly influenced by the Fermi level, so that the
addition of Be, for example, increases the fraction of Mn
ions that lie in the intersticies. The role of interstitial Mn may
be to compensate the acceptors, but they have an uncertain
effect on the ferromagnetic properties.’~?’ Additionally, there
is an important contribution from small MnAs inclusions in
the observed ferromagnetism.>!~>3

Although technical difficulties associated with codoping
of GaAs with magnetic ions and acceptors may be overcome,
an alternative method has been demonstrated in the past year
where the DFS has been treated post growth with a source of
hydrogen or deuterium.?*-?” The mechanism proposed is the
passivation of the Mng, acceptors by the formation of an
intimate Mng,-H or Mng,-D pair, leading to a change in the
hole concentration, but where the Mn ion retains the S
=5/2 state, and hence the material retains magnetic proper-
ties, the passivated material becomes paramagnetic.

Ga,Mn,_,As:H gives rise to a number of key observables
that indicate the structure of the passivated Mng,- H(D) com-
plexes. The first is the frequency of an As-H stretch mode
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seen at low temperature in this material, reported at
2140.5-2142.2 cm™" with x between 3.4% and 6% (Ref. 24)
and 2143.0 cm™! for similar material (Ref. 25). In deuterated
material these modes shift to 1545-1545.9 cm™ and
1546.5 cm™! in the two reports. However, the location of the
H or D is not clear, with the bond-centered (BC),>* and
antibonding to As site [AB(As)],% Fig. 1(b), viewed as likely
candidates. For each case there is some basis for the assign-
ment. In particular, Mny, in InP traps hydrogen at a bond
center.”® However, antibonded hydrogen would be expected
to give rise to a frequency weakly dependent on the acceptor
species. Now, passivated Zng, acceptors in GaAs have very
similar H-related stretch modes at 2147 cm~!,2%30 and are

(@) (b)

(c) (d)

FIG. 1. Schematics of structures projected onto a (110) plane

with the vertical and horizontal along [111] and [112] respectively.
(a) is a section of bulk GaAs. (b) shows the on-axis bond-centered
(BC) and two antibonding sites [AB(As) and AB(X)) for the sub-
stitutional Xg, defect. (¢) and (d) show the relaxed puckered
MnGa—H;C and MgGa—H;C complexes, indicating distances (A) and
angles.
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believed to be antibonding complexes.”> A mode at a similar
frequency ascribed in recent publications to Mgg,-H (Ref.
25) was only tentatively associated with Mg in early
experiments,?®3% and in fact corresponds to the Mng,-H
complex.’! However, H passivation of Mg-doped GaAs
shows clear results, indicating that some form of Mgg,-H
centers exist.> In contrast to Zng,-H, the Beg, acceptor is
believed to trap H in the bond center, with the stretch modes
at 2036.9 and 1471.2 cm™' for H and D, respectively.333*

The large difference in frequency of Mng,-H relative
to Beg,-H, and relative proximity to Zng,-H might be
viewed as lending weight to the antibonding assignment for
Mng,-H, Zng,-H.3> However, for Be and Zn theory suggests
the bond centered or a slightly perturbed, off-axis site is most
stable.®37 The experimental observations are inconclusive
regarding the location of H, and an alternative model has
been proposed?+2627 where it lies in the bond-centered loca-
tion between Mn and one of its As neighbors, as shown
schematically in Fig. 1(b).

In order to examine the impact of H/D on the electrical
activity of Mn in GaAs, and to distinguish between the two
likely models in Fig. 1, BC and AB(As), we have performed
first principles calculations on the structure, local vibrational
modes and dilatation of Mng,, Mng,-H and related struc-
tures in GaAs.

II. METHOD

We used local-spin-density-functional techniques in a su-
percell geometry as embodied in the code AIMRPO.’® The
Kohn-Sham functions are expanded in real space using a
Gaussian basis set with four independent exponents centered
at each atom site. For Be, Mg, Ga, and As three exponents
are made up from independent s and p Gaussians, with the
fourth exponent also containing d Gaussians. The Mn and Zn
species are treated using four, s, p, and d Gaussian functions,
and H by three independent s and p Gaussian functions. All
species are treated using the pseudopotentials of Hartwigsen
et al.,* with the Zn species including the 3d electrons ex-
plicitly in the valence. The charge density is Fourier trans-
formed and expanded in plane waves with a energy cutoff of
300 Ry, this highly converged value being possible due to
the use of a real-space Gaussian orbital basis for the Kohn-
Sham functions. The experimental values of the GaAs bulk
lattice constant and bulk modulus are reproduced in this
theory to within 1%.

The Brillouin zone was sampled according to the
Monkhorst-Pack scheme.*’ In general, relative energies were
found to be converged to tens of meV using a 2 X2 X2 (MP-
2%) mesh, but the relatively flat energy surfaces for a number
of defects resulted in geometric differences between MP-23
and MP-43. For example, neutral, bond-centered interstitial
hydrogen was found to be closer to As than Ga for MP-23,
but equidistant from As and Ga with MP-4>. However, even
in these cases there was no structural change when the mesh
was increased to MP-6%, so we conclude that for structures
MP-43 is sufficient.

Local vibrational modes (LVMs) are estimated by calcu-
lating the second derivatives of the total energy with respect

PHYSICAL REVIEW B 72, 115211 (2005)

to the ion positions for the core atoms, viz. Xg,, the four As
neighbors and the H atom. For all modes reported in this
paper the Brillouin zone was sampled using MP-42; although
we found that for many cases MP-23 gave indistinguishable
results, for cases such as Beg,-H and particularly neutral
Hpgc there were noticeable shifts in H-related frequencies,
and we therefore present the results for LVMs where all
computational parameters are as close to each other as pos-
sible. The terms in the dynamical matrix due to the remain-
ing atoms are approximated by a simple valence-force poten-
tial, which has a negligible effect on the high-frequency,
H-related modes. Localization of LVMs on specific atoms is
quantified by the length of the vector component of the nor-
mal modes associated with the atom. The calculated vibra-
tional frequencies are quasiharmonic. Furthermore, the sen-
sitivity of the stretch-mode frequency to the calculated bond
lengths means that the error bars are of the order of a few
percent.

Volume expansions were estimated by calculating the to-
tal energy for a given defect for a range of lattice constants.
The volume displaced by the presence of the defect, AV is
then defined as follows. For example, in a 64-atom supercell
each defect is initially represented by a section of material
with a volume (24,)?, the volume that the cell would occupy
in the absence of a defect. A similar quantity can be obtained
for any supercell geometry. This defines V(bulk). We then
calculate the total energy as a function of the lattice constant
where the defect is present. In general the lattice constant
which minimizes the total energy for the defect system dif-
fers from a, of bulk GaAs. The volume per cell containing
the defect is V(defect), which for a 64-atom cell can be writ-
ten as (2a;)’, where aj is the defect system lattice constant.
Generally,

B [V(bulk) — V(defect)]

AV 3
(ay/4)

s

where (aj/4) is the volume per Ga— As pair in defect-free
material. For the 64-atom cells used in this study, this re-
duces to AV=32[1-(a)/ay)*]. AV is therefore a dimension-
less quantity, and for a defect that exerts tensile or compres-
sive strain on the surrounding material AV<<0 and AV>0,
respectively. The volume dilations were calculated using an
MP-23 Brillouin-zone sampling. For a number of systems
we checked the calculated values of AV using MP-43, and
found only small differences. For example, the values for
Beg,- Hpc the values were —0.065 and —0.058 for MP-2* and
MP-43, respectively.

The majority of calculations have been performed in cu-
bic supercells with side length 2a, containing 64 host atoms,
with convergence testing performed using 216 atom cubic
cells of side length 3a,.

III. RESULT
A. Group-II acceptors in GaAs

We first report the structure and energetics of Mng,, and
compare these results with the well-known group-II accep-
tors, Beg,, Mgg,, and Zng,.

115211-2



THEORY OF Mng,-H AND OTHER ACCEPTOR-H...

PHYSICAL REVIEW B 72, 115211 (2005)

TABLE 1. Geometric parameters calculated for various acceptor and acceptor-hydrogen complexes in GaAs. Lengths are in A, and angles
in degrees. For all X,, the X-As lengths are found to be independent of charge state. The X-H and H- As distances refer to those along the
principle axis of the defects, and the X-As and As-Ga back-bonds lengths are those indicated in Fig. 1(b). Experimental (theoretical) bulk
Ga- As bond lengths are 2.45 A (Ref. 41) (2.43 A, this study), and As-H bond lengths in arsine are 1.523 A (Ref. 42) (1.52 A, this study).
Additionally, the ZH-As-H of arsine is 92° and 91°, experimentally and theoretically, respectively. AV is the volume displaced by the
defect, in units of ag/4, the volume per Ga- As pair, and AE is the energy (eV) relative to that which we find to be most stable.

Symmetry  AE X-As X-H H-As As-Ga £LAs-X-H  £As-H-X  £Ga-As-H AV

Mng, T, 2.51 2.41 0.18
Mng,-Hgc Cs, 0.0 2.46 192 152 2.43 94 180 102 0.35
Mng,-Hpe Cs 00 246,251 190 1.55 243,247 75,111 131 92, 124 0.29
Mng,-Hap(as) Cs, 0.2 2.53 428  1.64 2.44 114 0 80 0.25
Beg, T, 2.25 2.43 -0.33
Beg,-Hpe Cs, 0.0 2.19 1.68 1.5 2.44 98 180 103 -0.07
Bega-Hap(as) Cs, 0.6 2.19 453 154 2.48 99 0 75 -0.11
Mg, T, 2.50 2.40 0.13
Meg,-Hpe Cs, 0.0 2.44 193 151 243 95 180 102 0.34
Meg,-Hpe C, 00 244,250 191  1.54 243,248 74,111 129 91, 125 0.29
Mega-Hagas) Cs, 0.2 2.48 429 152 2.49 108 0 79 0.25
Zng, T, 2.40 241 -0.07
Zng,-Hpe Cs, 0.0 236 1.81  1.53 2.43 96 180 102 0.18
Zng,-Hap(ay) Cs, 0.4 2.37 439 154 2.49 103 0 76 0.08
Hyc Cs, 1.0 2.42 155 2.19 238 109 180 80 0.31
Hyc Cs, 0.1 2.40 1.68 167 2.40 103 180 98 0.36
Hic Cs, 0.0 2.38 .83 1.54 2.44 98 180 101 0.35
AB(AS) Cs, 0.6 2.49 433 173 2.41 116 0 81 -0.07
H)paq) Cs, 0.0 2.44 431 167 2.45 110 0 77 0.1

H g a0 Cs, 0.4 2.39 442 155 2.50 102 0 74 0.26
AB(Ga) Cs, 0.0 2.42 1.69  4.52 2.41 87 0 115 -0.15

H) 5 6a) Cs, 0.1 2.43 192 4.43 2.44 74 0 111 0.03
Hg(6a) Cs, 1.2 2.44 1.67 4.0 2.51 66 0 106 0.18
T T, 0.7 282 236 -0.13

7, T, 0.1 2.82 241 0.04

Th, T, 13 2.84 239 0.14

Tga T, 0.1 224 2.87 -0.18

TS, T, 0.1 239 283 0.03

Tt T, 15 237 2.83 0.11

The Mng, acceptor was relaxed with a range of effective
spins in both the neutral and negative charge states. For
Mng,,, we find that the S=5/2 spin state is most stable, with
Mng,- As internuclear distances of 2.51 A, a modest dilation
over the host bond length of around 3%. The geometric pa-
rameters are summarized in Table I. The large exchange in-
teraction of the 3d-electrons results in the S=3/2 and 7/2
spin states lie 1.5 and 1.7 eV above the ground spin state.
Mng, is found to be most stable with =2, corresponding to
Mng,(TT 171 1)+k*(]), i.e., an antiferromagnetic interaction.
Where the hole is aligned parallel to the 3d electrons, the
energy is increased by around 0.2 eV. The antiferromagnetic
interaction is in line with previous theory>!>* and

experiment.** As one would expect, the (Mng,-As)? bond-
lengths are also 2.51 A, consistent with the shallow nature of
the hole.

The electrical levels of Mng, can be estimated by com-
parison of the formation energies* for the neutral and nega-
tive charge states, or by comparison of the electron affinity
of Mng, with some system for which the acceptor level is
known. We find that both procedures result in an acceptor
level close to E,, and are consistent with the E,+0.11 eV
obtained experimentally. Also consistent with experiment,
the Mng, acceptor level is calculated to be slightly deeper
than those of the other acceptor species considered in this
study.
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B. Interstitial H in GaAs

The location of hydrogen in bulk GaAs has been studied
theoretically previously.3>-3046-49 In brief, these studies indi-
cate that in the positive charge state H lies at a bond center,
rather closer to the As neighbor than the Ga neighbor. The
location of the H atom at the bond center in the positive
charge state is also in agreement with muon spin relaxation
experiments.>® The site of the neutral species is less clear
with different studies reporting the Hpp(ag) and Hpc sites, but

with relatively little energy between them. The negative
charge state locates H in a cage site (nonbonded). The dif-
ferent structures for different charge states renders the center
negative-U, so that the neutral charge state is never thermo-
dynamically more stable than the positive or negative
forms.*

Table I lists the structural and energetic properties for
various sites of interstitial H calculated using the method
outlined above. The energetics and structures generally agree
with the previous calculations, with the exception that we
find that in the negative charge state the 7 site to be higher in
energy than where a weak antibonding exists.

The activation energy for diffusion of hydrogen in p-type
GaAs has been estimated theoretically to be around 0.5 eV,*
corresponding to a path involving the C sites (midway be-
tween next-nearest-neighbor species), so that the activation
energy is defined by the energy of hydrogen at the point
approximately midway between two Ga atoms. This broadly
agrees with the experimental value of ~0.66 eV obtained
from capacitance transient measurements.’’ We have also
simulated H lying close to the C sites for the positive charge
state and find that, in contrast to the previous report, the Cg,
and C,, sites represent approximately the same barrier
height, both lying around 0.45 eV above the bond-centered
ground state. We note, however, that using a poorer
Brillouin-zone sampling, such as the gamma-point approxi-
mation in Ref. 49, may lead to a difference in the activation
energies.

C. Acceptor-hydrogen complexes

Armed with the agreement of our calculated properties of
Mng, and interstitial H with experiment and previous theory,
we have some confidence in our ability to model hydrogen-
ated acceptors.

The Mng,-H complexes were initially relaxed subject to a
C5, symmetry constraint. In both the bond-centered and an-
tibonding cases we find that the lowest energy spin state is
S=5/2, in line with the experimental data. Indeed, the S
=1/2,8=3/2, and S=7/2 spin states are around 3.4, 1.6, and
1.7 eV higher in energy, reflecting the excitation of valence
electrons into the conduction band.

In all but the S=1/2 spin states we find that the lowest
energy structure is that with H in the bond-centered location
[Fig. 1(b)], and in particular the S=5/2 Mng,-Hpc con-
figuration is around 0.18 eV lower in energy than
Mng,-Hop(as)- A trigonal structure with H antibonded to Mn
was found to be around 0.84 eV higher in energy than
Mng,-Hgc, but only stable when the symmetry was con-
strained. Breaking the symmetry and re-relaxing results in
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FIG. 2. Density of states for Mng,-H in GaAs, with H lying at
the bond-centered site. Dotted and dashed lines indicate the density
of states for majority and minority spins, respectively, with the den-

sity of states of bulk GaAs, shown as a solid line. The zero energy
is at the valence band top of bulk GaAs.

the H atom reacting with a As-Mn bond. The resulting struc-
ture has practically the same total energy as the trigonal
bond-centered case, but with the H-atom lying considerably
off the [111] axis. The structure, labeled MnGa—H;C, is
shown schematically in Fig. 1(c), and summarized in Table I.
The similarity in energy between the on- and off-axis struc-
tures may be indicative of a rather flat energy surface, and
the effective symmetry at elevated temperatures is likely to
be axial.

The electronic structure of the Mng,-H complex is inde-
pendent of the site of the H atom, with the band gap being
free from any defect states, rendering the complex com-
pletely passive. Figure 2 shows the electronic density of
states obtained by averaging over the Kohn-Sham eigenval-
ues for a uniform mesh in the Brillouin-zone made up from
20X20X20 points, with each state broadened using a
Gaussian of width 0.1 eV. The occupied d'-states associated
with the Mn ion are deep in the valence band (around
-5 eV), and the corresponding empty d' states are high in
the conduction band. This is in line with the electronic struc-
ture of Mng,, and confirms the experimental picture of pas-
sivation presented previously.?*?>

The calculated LVMs are listed in Table II. The bond-
centered structure is predicted to yield a slightly higher fre-
quency to the case with H antibonded to a neighboring As
atom, but perhaps a more significant difference lies in low
frequency bend modes, it might be through these that confi-
dence could be gained for a specific atomic model. In par-
ticular, the resonance of an E-mode localized on Mn with the
bend modes means that there are two sets of E bends (odd
and even combinations), with the 305 cm™' modes for
Mng,-Dgc having a particularly large amplitude on the Mn
atom. These interactions are absent in the Mgg,-Hap(as) and
Mgg,-Dag(as) cases. The off-axis structure also yields more
bend-modes than the antibonded case, rendering these low
frequency modes potentially critical to the correct structural
assignment.

The differences in the LVMs of the bond-centered and
antibonded geometries is small on the scale of the computed
difference in the total energies, and we conclude that the
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TABLE II. Hydrogen related local vibrational modes for X-H and X-D complexes in GaAs (cm™"). All structures have Cs, symmetry
except MnGa—HEC and MgGa—H*BC, which are C; due to the As-H bond lying off of the As-X internuclear direction. For Cj3, centers there
are a single, nondegenerate (A ) stretch mode, and a pair of bend modes (E). For off-axis Mg-H structure, the stretch and bend modes are
A’ and (A’,A”), respectively, with the lower frequency bend mode having A” symmetry. The resonance with the Mng, motion yields three
H-related bend modes for MnGa—H;C with the lowest two having A”, and the higher A’.

Bond-centered

Anti-bonded to As

X-H X-D X-H X-D Experiment

X Stretch Bend Stretch Bend Stretch Bend Stretch Bend X-H X-D
Mn 2148 316, 289 1526 305, 278 1967 435 1401 324 21422 1546*
Mn" 1897 803, 343, 297 1349 579, 308, 277 2144 1547°
Be 1954 335 1389 284 1937 458 1378 335 2037¢ 1471¢
Mg 2242 283 1574 277 2003 424 1426 341
Mg 1945 805, 405, 359 1384 585, 292

Zn 2094 345,283 1488 296, 279 1930 440 1374 326 2147° 1549
H* 2016 321 1432 291 1904 342 1355 290

“References 24 and 25, strained, low temperature.
bReference 30, low strain, low temperature.
‘Reference 33.

zero-point energy is unlikely to render the antibonded struc-
ture more stable.

For comparison, we relaxed Beg,, Mgg,, and Zng, with H
in the bond centered and two antibonding sites. The resultant
structures are summarized in Table I. In all cases we find the
bond-centered, or near-bond-centered location is the most
stable. This broadly agrees with previous theoretical studies
for Zng,-H (Ref. 37) and Beg,-H (Refs. 35 and 52), but
disagrees with the off-axis structure previously obtained
for Zng,-H.3® Indeed, the off-axis structures of Mng,-Hgc
and MgGa—H;C are similar to that previously found for
Zng,-Hpc. However, despite using a range of starting struc-
tures we were unable to find a stable off-axis form for zinc.
We also examined Zng,-H in a larger supercell, and the
results were found to closely follow those from the 64-
atom calculations, with the energy difference between the
Zng,-Hpe and Zng,-Hppag) being within 10 meV of the
value obtained in the 64-atom simulations (Table I).

We note that the bond lengths in the bond-centered
Beg,-H complex differ slightly from those previously
published,>>? with a shorter distance from the H atom to the
Be acceptor, although the early reports were computationally
lighter than those presented here. The results for Zng,-H
from Ref. 37 are close to those presented here, which is to be
expected due to the similarity in approach.

Hydrogen antibonded to a neighboring As atom is meta-
stable by 0.56, 0.17, and 0.44 eV higher for Beg,, Mgg,, and
Zng,, respectively. As with Mng,, we find that hydrogen di-
rectly bonded to the acceptor species is always unstable,
spontaneously reconstructing to an approximately bond-
centered configuration in the absence of a symmetry con-
straint. We note that this result is at odds with the earlier
theoretical result of Wang and Zhang®> who found the H
atom antibonded to Be was metastable and close in energy to
the ground state. We note that in this earlier study the system

was treated using a single k point at the zone center, which
may have contributed to their result.

We have also examined structures where the H atom is
removed by one site from the acceptor species, as suggested
for Mgg,. These structures were generally structurally simi-
lar to isolated positively charged Hgc, but were higher in
energy for all acceptors than when in a X-As bond, and are
therefore ruled out on energetic grounds.

We find that all of the acceptor-hydrogen complexes were
passive, as determined by examination of the band structure,
and are bound with respect to isolated (charged) impurities.
The reaction A~+H*—AH liberates 0.62, 0.64, 0.62, and
0.75 eV for Mn, Be, Mg, and Zn, respectively. Assuming
that the activation energy for dissociation may be approxi-
mated by the sum of the binding energy and the migration
barrier for Hpe (0.45-0.66 €V), these values can be com-
pared directly with the experimental dissociation energies for
Be, Mg, and Zn at 1.15+0.10 eV, 0.9+0.03 eV, and
1.36+0.04 eV, respectively.’>3*>* Given the crudeness of
the estimate, the agreement is rather good.

Table II lists the calculated frequencies for H/D-related
modes associated with Be, Mg, and Zn. In all hydrogenated
cases we also find acceptor-related LVMs (Table III), and
Beg, and Mgg, also have a sufficient mass difference from
the host to give rise to LVMs, also listed in Table III.
The calculated Be-related LVMs compare well with the
experimental values of 482 cm™ (Beg,), 555.7 cm™!
(Beg,-H), and 553.6 cm™! (Beg,-D).***° The bond-centered
Beg,-H/D complexes yield Be-related modes in good agree-
ment with the experimental modes, and reproduces an H/D
splitting. The antibonded structure also has a Be-related
mode which, although lying at 551 cm™' is in agreement
with the experiment, has a H/D splitting of <1 cm™!, which
we regard as additional support for the Hg model.

The acceptor related modes for Mg are multiplied by the
existence of three naturally occurring isotopes. Each gives
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TABLE III. Local vibrational modes most strongly localized on the acceptor for X, and Xg,-H/D

(cm™).
Defect Sym Frequencies(sym)
Bel, (T, 467(T»)
Beéa (Td) 477(T2)
Bega-Hpe (Csyp) 549(E)
Bega-Dpc (Csy,) 545(E)
2\ %My 260\
Mgl (T,) 313(Ty) 308(T) 304(T,)
Meg,-Hpe (C)) 342(A") 337(A") 333(A")
341(A") 336(A’) 332(A7)
Megg,-Dge (C)) 381(A”) 375(A7) 370(A”)
SSMn
Mnl, (T,) 272(T,)
1\/11'15a (Td) 273(T2)
Mng,-Dgc (C3,) 305(E)
Mng,-Hge (C; 283(A")
283(A")
Mng,-Dge (C,) 308(A”)
647 667, 677,
Zng,-Hpe (Cyy) 284(E) 282(E) 281(E)

rise to a triply degenerate (T,) mode, detailed in Table III. As
with Beg,, the calculated frequencies for Mgg, are in good
agreement with experiment®® at 331, 325, and 321.5 cm™! for
the three Mg isotopes. In particular, the calculated isotope
shifts are in excellent agreement. For Mgg,-D there is a
resonance between the D bend and the Mg oscillation lead-
ing to an additional LVM with significant amplitude on both
impurity species. There are no localized modes for Zng,, but
possibly one close to the one-phonon-maximum for Mng,.
Zng,related modes appear just above the one-phonon-
maximum in Zng,-Hgc, but are absent in the case of
Zng,-Dgc due to interaction with the deuterium-related bend
modes.

In the case of the Mn center, the trigonal Mng, - Hgc bend
modes are coupled motion of H and Mn, in that the two
E-modes represent odd and even combinations of £ modes
associated with the hydrogen and Mn, but with relatively
little amplitude on Mn (~2%). The 305 cm™! mode in the
deuterium case shows a large (29%) amplitude on the Mn
ion, and 51% on D. However, in the puckered cases, the
283 cm™! A’ mode is only weakly dependent on the H/D
mass. It is 48% localized on Mn, and 85% localized over the
group of Mn and its three As neighbors. The experimental
observation of this mode would be key in determining the
structure of the passivated complex.

D. Volume effects

The location of H in the defect may have a considerable
effect on the effective volume occupied by the complex. It is
generally assumed that the location of H in a cage or anti-
bonding site will lead to a smaller displacement of volume,
since there is not the substantial dilation of bonds associated
with the bond-centered site.

We have calculated the volume displaced by each defect
considered in this study, with the values listed in Table 1. The
trend follows intuition in that bond-centered H leads to a
larger volume displacement than antibonded. Taking as an
example, Mng,-H, the volume displaced would give rise to
an increase in the lattice constant proportional to the defect
concentration,’’

_ v

50 -~ T )
07 [Ga] 3

(1)

where [X] is the concentration of the defect, and [Ga] is the
Ga-site density. Taking a typical Mng, concentration of
10?! ecm™ in Eq. (1) yields numerically day=0.015XAV.
The difference in da, between puckered bond centered and
antibonded to As is estimated at just ~6 X 10™* A.
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IV. CONCLUSIONS

We have calculated the structure and properties of Mng,,
Mng,-H and other acceptor species. In all cases the hydro-
gen passivates the acceptor, and is most energetically stable
located at or close to a bond-centered site between the ac-
ceptor and an arsenic neighbor. The meV energy differences
between on and off axis may not be significant, but in any
case an off-axis structure may result in motional effects for
all but very low temperature measurements, leading to obser-
vation of trigonal defects.

Overall agreement between the calculated and experimen-
tal vibrational modes for all acceptor-hydrogen complexes
examined in this study is better for the bond-centered site
than the antibonded, although the accuracy of the modes is
not sufficient to be relied upon as a sole point of comparison

PHYSICAL REVIEW B 72, 115211 (2005)

with experiment. Additionally, the volume displaced by
bond-centered and antibonded H is quite similar in the case
of Mng,-H, and it seems unlikely that such a measurement
can be used to reliably predict the location of H.

The chief difference between the sites is that the low fre-
quency (270-900 cm~') modes, associated both with the ac-
ceptors and with hydrogen, are highly distinctive between
structures, and would give a clear indication, if detected, as
to the correct structure of the acceptor-hydrogen complex.
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