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In this paper we investigate the incorporation of hydrogen in Ga;_,Mn,As for samples with x=0.005 grown
by metal-organic vapor-phase epitaxy and with 0.03<x<0.05 grown by low-temperature molecular-beam
epitaxy. The anisotropic electron-paramagnetic-resonance (EPR) signal observed for the paramagnetic
Ga,_,Mn,As samples with x~0.005 after hydrogenation is characteristic for Mn>* substitutional on the Ga
site. Contributions of crystal fields to the EPR signal indicative of Mn-H complexes with H atoms near the Mn
are negligibly small. The relative volume increase in a single Mng,-As atom pair upon hydrogenation
AVi/ Vain-as = 0.14 £0.07 as deduced from a comparison of the high-resolution x-ray diffraction 2@/} scans
of as-grown and hydrogenated samples with 0.03<x<<0.05 is expected for Mn-H complex formation. How-
ever, the accuracy of this measurement is not sufficient to draw unambiguous conclusions about the specific
nature of the Mn-H configuration. Extended x-ray absorption fine-structure (EXAFS) analysis and x-ray ab-
sorption near-edge spectroscopy (XANES) on samples with 0.03<x<0.05 show no indication for bond-
centered Mn-H complexes as determined from a detailed comparison of the EXAFS Fourier transforms and the
XANES spectra with the simulations. The overwhelming structural evidence of these techniques therefore
points to comparatively large distances between the Mn and the H atoms at least in Ga;_,Mn As films with Mn
concentrations above 0.005, which would be the case for either complexes with the hydrogen atom in the

antibonding position or for compensation via isolated interstitial hydrogen.
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I. INTRODUCTION

Ferromagnetic semiconductors such as Ga;_Mn,As are
of interest for applications in spintronics, in particular for the
realization of contacts for the injection of spin-polarized
charge carriers. In Ga;_Mn,As, both the localized magnetic
moments as well as the itinerant holes mediating the ferro-
magnetic coupling between them are introduced by manga-
nese acceptors.'

Different ways of switching or influencing the magnetism
in this material are currently being investigated and summa-
rized in Ref. 4. One possibility is via postgrowth
hydrogenation.”> Upon exposure to a remote dc hydrogen
plasma, the conductivity in Ga;_,MnAs films, which is
nearly temperature independent (metallic) in their as-grown
state, can be reduced by several orders of magnitude without
affecting the density of localized Mn magnetic moments.®~3
This drastic decrease in conductivity is accompanied with a
disappearance of the ferromagnetic coupling as expected for
carrier-mediated ferromagnetism in this material.> Recently,
a similar behavior upon hydrogenation has also been ob-
served in Ga,_,Mn,P.!° The decrease in carrier concentration
can be explained via a hydrogenation-induced change in the
Mn charge state. In the as-grown state Mn with the electron
configuration [Ar]3d°4s> substitutes Ga with the electron
configuration [Ar]3d'%4s?4p', where [Ar] denotes the elec-
tron configuration of argon. The acceptor property of Mn
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PACS number(s): 75.50.Pp, 76.30.Fc, 78.70.Dm, 78.70.Ck

follows directly from the difference in the electron configu-
ration and the depth of the Mn acceptor level in the band gap
determines the localization of the holes. In the case of
Ga;_,Mn,As, Mn exhibits a shallow acceptor level in the
vicinity of the valence-band edge and Mn thus predomi-
nantly is present in the [Mn?*(3d°)+h*]** state with a hole
h* in the valence band. Since hydrogen in Ga,_,Mn,As acts
as an amphoteric impurity,'' hydrogenation either leads to a
compensation of the Mn acceptors by H donors or to a pas-
sivation of the Mn acceptors by the formation of electrically
neutral Mn-H complexes. In other words, hydrogenation
pushes the Fermi level above the Mn**>* charge-transfer
level and thus leads to a transition of the Mn atom from the
[Mn?*(3d%)+h*]** state to the Mn?*(3d°) state, removing the
acceptor level. The loss of conductivity and the accompany-
ing loss of ferromagnetism upon hydrogenation of
Ga,;_Mn,As have now been reported by several
groups.>’~>12-14 While the fundamental effects of hydrogen
on the magnetic properties are therefore established, there
are still open questions remaining concerning the local mi-
croscopic structure of hydrogen in this material, be it in the
form of well-defined acceptor-hydrogen complexes or in the
form of isolated donors. This paper addresses this issue using
spectroscopic methods.

Secondary ion mass spectrometry (SIMS) measurements
of hydrogenated Ga;_,Mn,As samples showed that Mn and
H concentrations are identical within experimental
uncertainty.® In the infrared-absorption spectra at 6 K of hy-
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drogenated and deuterated samples, absorption maxima at
2143 and 1546 cm™, respectively, have been attributed to
local vibrational As-H and As-D stretching modes and were
taken as evidence for the formation of electrically inactive
complexes involving manganese and hydrogen.5~® The fact
that these As-H and As-D stretching modes are very similar
to those observed for GaAs doped with other acceptors such
as Mg and Zn (compare Table I in Ref. 8), and thus are
nearly independent of the specific acceptor considered, was
taken as an indication that hydrogen is located in an anti-
bonding configuration in the Mng,-H complex. However, al-
though the frequency of the As-H stretching mode is very
similar for Mg, Zn, and Mn acceptors, it exhibits a clear
increase with the size of the acceptor when compared to the
modes in GaAs:Be and GaAs:Cd." This behavior in contrast
was taken as an indication that hydrogen is in the close prox-
imity of the acceptor, as it is the case at the bond-centered
site in between the acceptor and a neighboring As atom.'’
Also density-functional calculations predict that the H atom
in the Mng,-H complex energetically favors the bond-
centered configuration.'®!” The local vibrational modes cal-
culated for the bond-centered configuration agree with the
experimentally observed values, while for the antibonding
site smaller stretching frequencies than observed were pre-
dicted theoretically.

Interestingly, the local vibrational mode spectroscopy so
far is the only method which has provided structural infor-
mation concerning Mn-H complexes. The same holds essen-
tially for most dopant-hydrogen complexes in semiconduc-
tors in general. Here, we will use two other spectroscopic
techniques to address the position of H in as-grown and hy-
drogenated Ga;_Mn,As. One of these techniques relies on
the particular charge and spin state of Mn. Both as part of a
complex and when compensated, the Mn atoms should be in
the Mn?*(3d°) state with g factor g=2 and spin S=5/2. As
we already showed in a former publication, the paramagnetic
magnetization after hydrogenation can indeed be described
by a Brillouin function with these parameters.> However, the
direct observation of electron paramagnetic resonance (EPR)
of this Mn?* state would provide direct information on the
symmetry of the crystal field of the Mn?* atoms from which
information on the position of the H might be inferred. Note
that EPR has already been applied to obtain structure-
sensitive data, e.g., for the Pt-H, complex in Si,'®!° gold-
hydrogen complexes in Si,?® or the nitrogen-vacancy-
hydrogen complex in diamond.?! These studies are based on
the symmetry of the ligand- and hydrogen-related hyperfine
structures as well as on the electron localization on the dif-
ferent sites.

The second spectroscopic technique is x-ray absorption
fine-structure (XAFS) analysis. Performing XAFS at the ab-
sorption edge of the dopant in epitaxial semiconductor epil-
ayers is usually very challenging due to the high dilution and
the relatively low thickness of the samples. Nevertheless, on
one hand our samples have been grown by a nonstandard
low-temperature molecular-beam epitaxy (LT-MBE) tech-
nique which yields Ga;_Mn,As epilayers with rather high
dopant concentration [up to x=20% (Ref. 22)], on the other
hand, nowadays, third generation synchrotron-radiation
sources are able to deliver a very high x-ray flux on the
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samples. As a consequence of these two facts, high quality
XAFS data can be obtained on our samples in a reasonable
time. Note that a relatively high Mn concentration (exceed-
ing 1%) is needed to achieve ferromagnetism in GaAs.

In this paper we therefore use these two techniques to
investigate the incorporation of hydrogen in Ga;_,Mn,As in
two different sample series described in Sec. II with x
~(.005 grown by metal-organic vapor-phase epitaxy
(MOVPE) and with 0.03<x<0.05 grown by LT-MBE. In
the first part of the paper, we discuss the anisotropic EPR
signal observed for the paramagnetic Ga;_,Mn,As samples
with x=0.005 after hydrogenation (Sec. III). Similar
anisotropies were already reported by Almeleh and
Goldstein? as well as Fedorych et al.>* for strongly compen-
sated Ga;_,Mn,As samples. In the second part of the paper,
we investigate the microscopic structure of hydrogenated
Ga;_ Mn As samples with 0.03 <x<<0.05 by means of high-
resolution x-ray diffraction (HR-XRD) and XAFS. We deter-
mine the volume increase in a single Mng,-As pair upon
hydrogenation from a comparison of 20/} scans of as-
grown and hydrogenated samples and compare this value
with theoretical predictions for several complex configura-
tions (Sec. IV). Furthermore, for the bond-centered complex
configuration theory predicts an extension of the accompa-
nying Mn-As distance, resulting in a significant change in
the radial distribution function of the Mn atom, which is
investigated via XAFS measurements (Secs. V and VI).

II. SAMPLE GROWTH AND HYDROGENATION

The 2 um thick samples with a Mn content of x
~0.005 were grown on (001)-oriented semi-insulating GaAs
wafers using MOVPE.? The characterization of these
samples by photoluminescence, Hall effect, SIMS, HR-XRD,
and transmission electron microscopy showed that the con-
centration of manganese interstitials is negligible.>> Spin-flip
Raman spectra taken with the laser excitation close to the
band gap revealed that in the as-grown samples all Mng,
atoms are in the neutral charge state A’ with a shallow
valence-band hole 4 bound to the negative deep acceptor
(3d°+h) as expected. In particular, no evidence of the com-
pensated A~ charge state (34°) was found.?

The Ga;_Mn,As thin films (thickness 175 nm<d
<260 nm) with higher Mn concentration (0.03 <x<0.05)
were grown by LT-MBE in a RIBER 32 system on In-
mounted semi-insulating GaAs(001) substrates. The nominal
Mn concentration x was determined from Mn and Ga flux
measurements. More details on the LT-MBE growth can be
found in Ref. 26.

The hydrogenation was carried out via a remote dc deu-
terium plasma operated at 0.9 mbar, with the sample heated
to 170 °C. To ensure complete hydrogenation we exposed
the samples to the plasma for 168 h. Annealed control
samples were prepared in the same way, but with the hydro-
gen plasma switched off to study the influence of the tem-
perature on the treatment. LT-MBE samples demonstrate the
published behavior, in particular a full suppression of the
ferromagnetism in superconducting quantum interference de-
vice (SQUID) magnetometry measurements,>’ a reduction in
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FIG. 1. (a) Ferromagnetic resonance spectra of the as-grown, the
annealed, and the hydrogenated sample 1 investigated via XAFS in
Sec. V for the external magnetic field oriented perpendicular to the
film plane at 5 K. Hydrogenation leads to a strong suppression of
the ferromagnetic resonance signal. The hydrogenated sample fea-
tures a broad paramagnetic resonance at g=2.0 scaled up in (b).

the conductivity,>® and the appearance of a local vibrational
mode at 1546 cm™! (note that we used the isotope deute-
rium) via Fourier-transform infrared spectroscopy.® Further-
more, in Fig. 1 we show the characterization of sample 1
investigated by XAFS in Sec. V by ferromagentic resonance
(FMR) spectroscopy. At the microwave frequency w/(2)
=9.3 GHz paramagnetic impurities with a g factor g=2
yield a paramagnetic resonance at the external magnetic field
moH=hw/(gup)=330 mT, where u, is the vacuum perme-
ability, 7 is the reduced Planck constant, and u is the Bohr
magneton. For ferromagnetically coupled magnetic mo-
ments, magnetic anisotropy leads to a shift of the ferromag-
netic resonance field to uoH>330 mT (uoH <330 mT) if
the external magnetic field is oriented along a magnetic hard
(easy) axis.?” For the external magnetic field aligned along
growth direction the as-grown sample shows a FMR at
uoH=600 mT [Fig. 1(a)] which is due to a uniaxial mag-
netic anisotropy with a magnetic hard axis in growth direc-
tion caused by epitaxial strain. The double-resonance struc-
ture we attribute to the presence of a gradient in the magnetic
properties.”®?? Upon annealing the FMR shifts to larger uoH,
consistent with an increase in hole concentration and the ac-
companied increase in the uniaxial anisotropy in growth
direction.'? As expected, the hydrogenated sample does not
show a FMR, but a paramagentic resonance at 330 mT cor-
responding to g=2. The peak-to-peak linewidth wuoH,
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~68 mT of this paramagnetic resonance is consistent with
the total width of the resolved hyperfine split multiline spec-
trum of Mn?* discussed for the hydrogenated MOVPE
samples in Sec. III. The signal intensity of the resonance in
Fig. 1(b) yields a total number of Mn?>* of ~10' for the
particular piece of sample investigated, which is in reason-
able agreement with the total number of Mn atoms of 2.4
X 10" derived from the growth parameters.

As discussed in Sec. III, the initially paramagnetic
MOVPE samples (x=0.005) stay paramagnetic upon hydro-
genation. No local vibrational modes could be observed for
the hydrogenated MOVPE samples. However, the appear-
ance of an anisotropic electron-paramagnetic-resonance sig-
nal of the Mn?*(3d°) state in the samples after exposure to
the plasma—as discussed below—indicates the successful
incorporation of hydrogen.

III. EPR

EPR is an established experimental technique that is used
to identify defects via the symmetry of their localized para-
magnetic states. For our investigations we used a commercial
EPR system at 9.3 GHz with magnetic field modulation. All
EPR measurements were performed at 7=5 K using a
liquid-He flow cryostat. The samples investigated in this sec-
tion exhibit a Mn concentration of x=0.005. As discussed by
Schneider et al.,’* the A° (Mn3*) and A~ (Mn?*) charge states
of Mn in GaAs can be identified in EPR via their different g
factors of g=2.77 and g=2.00, respectively. In EPR mea-
surements of our samples in their as-grown state, neither a
signal of the A° nor one of the A~ charge state could be
detected. A reason could be a higher susceptibility of the
EPR of the A° state to strain compared to the A~ state.’! Note
that the Mn concentration x=0.005 of our =2 um thick
MOVPE samples is about 3 orders of magnitude larger than
the Mn concentration of the samples cut from a GaAs:Mn
ingot doped in the melt studied in Ref. 30. Therefore, epitax-
ial strain in our samples is the likely origin for the failure to
observe the A state in EPR of the as-grown samples.

After hydrogenation, the two samples investigated both
showed identical resonances at 305 mT < uyH <355 mT in
EPR. The spectra for a rotation of the external magnetic field

in the (110) crystal plane in steps of 10° are shown in the
bottom part of Fig. 2. ¢ is the angle between the growth
direction [001] and the magnetic field direction. The aniso-
tropy observed is characteristic for Mn?*(34°) ions with g
=2 and §=5/2.2%2* At ¢=30° and ¢=90° a resolved hyper-
fine structure consisting of six resonances can be observed.
The spectra and their anisotropy can be understood by means
of the Breit-Rabi diagram shown in Fig. 3. The electronic
Zeeman interaction described by g causes a splitting into six
levels with the magnetic quantum number m,=-5/2,-3/2,
-1/2,...,5/2, which are equally spaced at high magnetic
fields. This degeneracy in level spacing is lifted by the influ-
ence of the crystal field, resulting in a fine-structure splitting.
Furthermore, each Zeeman level is split sixfold by the hy-
perfine interaction with the nuclear spin I=5/2 of the >Mn
nuclei. Consequently, between neighboring electronic Zee-
man levels (Am,= = 1) there are six allowed magnetic-dipole

235208-3



BIHLER et al.

90
m
[0)
(0]
S 60 L
(0]
°
S
2 30
(@]
C
<
0
0
c
=
£
S
©
C
=)
N
14
o
w
[001]
310 320 330 340 350
u,H (mT)

FIG. 2. The upper diagram shows the anisotropy of the EPR
resonance fields uoH,, simulated using g=2, A=-5.75 mT X gugp,
Dyp1=—0.1 mTXgug, Dy;;=0.1 mTXgup, and a=-1.55 mT
X gup. The size of the dots corresponds to the expected intensity of
the respective resonance line. The lower diagram shows the angular
dependence of the EPR of the hydrogenated MOVPE-grown sample
with x=0.005 (full lines). The spectra have been simulated (dashed
line) with the same parameters as in the upper diagram.
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FIG. 3. Breit-Rabi diagram for GaAs:Mn?** with the magnetic
field oriented normal to the Ga;_,MnAs layer. The vertical lines
indicate the allowed magnetic-dipole transitions with Am = =1 and
Am;=0 for a transition energy of 39 ueV corresponding to a mi-
crowave frequency of 9.3 GHz.
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transitions with Am;=0 observable via EPR, giving rise to a
total of 30 resonance lines expected in the EPR spectra (m;
denotes the quantum number of the nuclear spin). If—as in
the sample investigated—the fine-structure splitting is
smaller than the hyperfine splitting, the five fine-structure
line groups will overlap and thus diminish the resolution of
the hyperfine resonances. In this case, only for orientations
of the external magnetic field exhibiting negligible fine-
structure splitting, the six hyperfine resonances will be re-
solved which in our sample is the case at ¢=30° and ¢
=90° orientations.

To analyze the experimental data in detail we use the spin
Hamiltonian,

s e 1
HS= glLBM()HS+ASI+D001|:S§ - ES(S"I' 1):|
+2D[£5,S, + S,S. * 5.5,]
1 1
+ ga{sﬁsg‘,wj— S5+ 1)(35%+3S - 1)] (1)

The first term is the electronic Zeeman interaction. The sec-
ond term describes the hyperfine interaction, which is as-

sumed to be isotropic with the hyperfine constant A. S and /
are the electronic and nuclear-spin operators. The last three
terms with D, Dy, and a describe the fine-structure inter-
action of the electronic spin S with the crystal field, account-
ing for the particular anisotropies. As shown schematically in
Fig. 4(b) there is on one hand a uniaxial crystal-field aniso-
tropy contribution Dy, caused by the pseudomorphic growth
of the Ga,;_,Mn,As layer. The latter leads to a larger lattice
constant ¢ in growth direction compared to the in-plane lat-
tice constant ag,,, Which equals the lattice constant of the
GaAs substrate (cf. Sec. IV). On the other hand, the incor-
poration of hydrogen is expected to lead to a uniaxial crystal-
field anisotropy along the (111) directions since both for the
bond-centered and the antibonding configurations a reduc-
tion in the crystal-field symmetry along the corresponding
Mn-As bond axis is expected [Figs. 4(c) and 4(d)]. As we
assume that there is only one hydrogen atom per Mng,-H
complex as suggested by SIMS; we have to distinguish be-
tween the four possible (111) directions in Hg, where the
terms S,S, differ in signs. For each direction the eigenener-
gies have to be calculated separately increasing the total
number of resonances obtained from the simulation to 120.
Finally, the last term in Eq. (1) with the parameter a takes
into account the cubic symmetry of the GaAs host crystal.
The best fit to the measured spectra could be achieved
using the parameters g=2, A=-5.75 mTXgug, Dy
=—0.1 mTXgug, D;;;=0.1 mTXgup, and a=-1.55 mT
X gup. The upper part of Fig. 2 shows the angular depen-
dence of the resonance positions calculated with these
parameters,’”> with the size of the dots corresponding to the
expected intensity of the resonance lines. The dashed lines in
the lower diagram are the EPR spectra obtained from these
simulations assuming that the resonances are derivatives of
Lorentzian lines with peak-to-peak linewidths of 3.5 mT. Es-
pecially the hyperfine splitting at ¢=30° and ¢=90° and the
fine-structure splitting at ¢=0° at woH~310-320 mT and
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FIG. 4. (Color online) (a) Schematic picture of the Ga;_Mn,As
crystal illustrating the origin of the uniaxial crystal-field anisotropy
contributions Dy, and Dy;; in Hg. (b) Dgy is caused by the
uniaxial epitaxial strain (¢ >ag,as), While the change in local sym-
metry due to the incorporation of hydrogen is accounted for by D;;;
[(c) and (d)]. In (c) the hydrogen atom is shown in the bond-
centered position, denoted as Mng,-H,,. in Ref. 17 corresponding to
bcAs(Mn) in Ref. 16. In (d) the hydrogen atom is shown in the
antibonding position, denoted as Mng,-H,p(as) in Ref. 17 corre-
sponding to abAs(Mn) in Ref. 16. The arrows indicate a slight shift
of the As and the Mng, atoms from the substitutional lattice sites.

MmoH~340-350 mT are reproduced very well by the simu-
lation. A change in the signs of the parameters in Hg has
only a minor influence on the resulting spectra.

Note that the anisotropic EPR signal of the Mn**(3d°)
state could only be detected after hydrogenation. In contrast
to the compensated Ga;_Mn,As samples of Almeleh and
Goldstein?} and Fedorych et al.,>* our samples did not show
an EPR signal in their as-grown state.

The intensities and linewidths of the well-resolved reso-
nances at ¢=30° allow an estimation of the Mn**(3d°) con-
centration to 6.0X 10" cm™3=0.0027N,, where N,=2.21
X 10%* ¢cm™ is the concentration of the cation lattice sites.
As usual in EPR, the accuracy of this concentration is about
a factor of 2. This value for [Mn**(34°)] is in good agree-
ment with the Mn concentration [Mn]=0.005N,, determined
from the growth parameters, which indicates that after hy-
drogenation most—if not all—Mn atoms are in the
Mn**(3d°) state observed in EPR.

The values for the hyperfine splitting A and the cubic
anisotropy a agree well with those reported in literature for
Mng, in GaAs.?>** Fedorych et al.?* found for their partially
compensated LT-MBE Ga,_,Mn,As samples with 107 <x
<107 a linear dependence of Dy =(96.3x+0.112) mT
X gup on x. An extrapolation of this behavior into the con-
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centration range of our MOVPE-grown sample (x=0.0027
from EPR) would predict Dy, =0.37 mT X gug, which is
substantially larger than |Dgy|=0.1 mT X guz determined
by our simulation. Since the magnitude of the uniaxial
crystal-field anisotropy in growth direction is closely related
to the compressive strain of the Ga;_ Mn, As layer, which in
turn depends more on the concentration of defects such as As
antisites Asg, and Mn interstitials Mn; rather than the Mng,
concentration,*>=37 the small absolute value of D, confirms
the high crystalline quality of the MOVPE samples already
noted by Hartmann et al.>> For the uniaxial crystal-field an-
isotropy in the (111) directions D,;, we obtain a similar low
value by simulation as for D, indicating that the incorpo-
ration of hydrogen also only has a minor influence on the
Mn?*(3d°) electron wave function. In fact, nearly the same
level of agreement between the experimentally observed and
the simulated EPR spectra is obtained assuming no Dy;; at
all. We therefore have to conclude that EPR results indicate
that at least the majority of the Mn atoms in the sample with
x~0.005 are in a Mn?* state after hydrogenation, which is
indistinguishable from the Mn”* state obtained by compen-
sation. Since the presence of H in a bond-center
configuration—even if relaxed to an off-axis position—
would most likely lead to a strong crystal-field anisotropy,
we tentatively conclude from the EPR that H is either incor-
porated in an antibonding position leaving the local geom-
etry and crystal fields at the Mn atom essentially unchanged
or that H is rather incorporated as a compensating donor, not
forming a complex at all. This finding is supported by XAFS
results obtained on the LT-MBE samples as discussed in
Secs. V and VI

Finally, we point out that we have not been able to ob-
serve a resolved fine structure in the EPR on hydrogenated
LT-MBE grown samples which have a much higher Mn con-
centration compared to the MOVPE samples. The spectra of
the hydrogenated samples rather exhibit a broad resonance
with a peak-to-peak linewidth of 65-70 mT at g=2.0 [Fig.
1(b)]. A similarly broad EPR has already been reported in
hydrogenated Ga;_Mn,As with x=0.07 by Thevenard et
al.'> We suspect that the high Mn concentration of paramag-
netic centers leads to an interaction between neighboring
Mn?* centers resulting in a broadening that prohibits detec-
tion of the fine structure in EPR.

IV. HR-XRD

HR-XRD measurements were performed at A\
=1.540 595(2) A (Cu K, line) using a Philips X’Pert MRD
diffractometer equipped with a 4 X Ge(220) Bartels primary
monochromator. Figure 5(a) shows a reciprocal space map of
the asymmetric (404) reflex of a Ga,_,Mn,As layer with
nominal Mn concentration x=0.039, with the diffracted x-ray
intensity plotted as contour lines on a logarithmic scale. The
out-of-plane and in-plane reciprocal-lattice vectors ¢, and g
are given in units of 47/, the “reciprocal-lattice units”
(rlu). The most intense reflex at ¢, =¢;=0.545 rlu is due to
the GaAs substrate, while the weaker reflex at the same g
=0.545 rlu, but smaller ¢, =0.542 rlu is due to the
Ga;_Mn,As layer. The fact that g, of the Ga,;_,Mn As layer
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FIG. 5. Reciprocal space map of the asymmetric (404) reflex of
a Ga;_,Mn,As layer with nominal Mn concentration x=0.039 (a)
before and (b) after hydrogenation.

is the same as for the GaAs substrate shows that the
Ga;_,Mn,As film is grown pseudomorphically with the same
in-plane lattice parameter a=2\/g,(rlu)=5.653 A on the
GaAs substrate. The smaller ¢ corresponds to an enlarged
out-of-plane lattice parameter c=2\/q , (rlu)=5.685 A per-
pendicular to the layer caused by compressive strain relaxing
in growth direction. The hydrogenated sample in Fig. 5(b)
reveals a further enlargement of ¢ by Ac=6X 107> A, while
a remains unchanged.

Having shown that both as-grown and hydrogenated
Ga;_,Mn, As layers are strained compressively, in the follow-
ing we will focus on the determination of ¢ via 20/} scans
of the symmetric (004) reflex. In this case ¢ can be deter-
mined via the Bragg formula ¢=2\/sin @. Figure 6 com-
pares the 20 /() scans of the symmetric (004) reflex of sev-
eral Ga;_,MnAs layers with varying Mn concentration x
before (solid circles) and after (open circles) hydrogenation.
Again, the most intense signal at 20=66.058° can be attrib-
uted to the (004) reflex of the GaAs substrate, while the peak
at lower angle (larger ¢) corresponds to the (004) reflex of
the Ga;_,Mn As layer. There is a clear shift of the peak po-
sition of the Ga,_,Mn,As (004) reflex to lower 20 for in-
creasing x, in agreement with previous investigations.333+38
After hydrogenation we observe an additional shift to
smaller 20.

The pronounced interference fringes can be used for the
determination of the Ga;_,Mn,As layer thickness d. For the
samples with x=0.033, 0.039, and 0.047 we obtain d=178,
263, and 175 nm before and d=148, 239, and 155 nm after
hydrogenation, respectively, with an accuracy of 10 nm.
Consequently, there is a reduction in layer thickness after
hydrogenation by 20-30 nm independent of Mn concentra-
tion, which we attribute to a steady atomic hydrogen etching
during the long-term hydrogenation process.* Thus the etch-
ing affects only =10%—15% of the total sample thickness.
Moreover, even if the removal of atoms from the surface
could be a priori nonstoichiometric, the presence of clear
interference fringes in the HR-XRD curves of the hydrogen-
ated samples suggests a high quality of the interfaces, and
the defective surface possibly generated upon hydrogenation
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FIG. 6. 20/Q scans of the symmetric (004) reflex of
Ga;_Mn,As layers with varying Mn concentration x before (solid
circles) and after (open circles) hydrogenation. For clarity curves
are shifted vertically. The angle 20 =66.058° marked by the vertical
dashed line corresponds to the (004) reflex of the GaAs substrate.

should extend over a thickness sensibly lower than the
etched thickness. As a consequence, the ratio of Mn atoms
possibly involved in surface compounds to the total Mn con-
centration is supposed to be even lower than 10%. Since all
measurements presented in this paper probe the whole epil-
ayer or are sensitive to the GaAs lattice structure, the contri-
bution of surface Mn can be neglected for our analyses.

For further analysis we calculate the relaxed lattice pa-
rameters of hypothetically unstrained Ga;_ Mn,As layers
using*

1-v 2v

Arelax = T C+
D Ay 1+v

a. (2)

We assume that Ga;_,Mn,As has the same elastic constant as
GaAs and, in approximation, use the value v=0.311 of GaAs
(Ref. 41) for the Poisson ratio. The relaxed lattice constants
e Defore (solid symbols) and after (open symbols) hydro-
genation obtained in this way as a function of x are plotted in
Fig. 7(a). The circles correspond to the samples investigated
in Fig. 6 and the triangles to the samples further character-
ized via XAFS below. As already evident from the discussion
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FIG. 7. (a) Relaxed lattice parameter as a function of Mn con-
centration x before (solid symbols) and after (open symbols) hydro-
genation. The circles correspond to the samples investigated in Fig.
6 and the triangles to the samples further characterized via XAFS
below. The error bars are deduced from the full width at half maxi-
mum of the (004) reflex of the (Ga,Mn)As layer in Fig. 6. (b)
Increase in relaxed lattice parameter upon hydrogenation Aay. The
notation is the same as in (a).

of the 20/} scans, there is an approximately linear increase
in a,, with x and an additional increase by Aay
~(3.5+1.4)x103 A rather independent of x—or even
slightly decreasing with increasing x—after hydrogenation
[Fig. 7(b)].

The come about of a,.,, of Ga;_,Mn As thin films is quite
complex. Ohno et al.’® proposed a universal Vegard’s law
with a.,, increasing linearly between extrapolated lattice
constants of GaAs and MnAs. Schott et al.3* also observed a
linear dependence of a,.,, on the Mn concentration, however
with the slope of this linear dependence strongly influenced
by the specific growth parameters. Especially the substrate
temperature and the As/Ga flux ratio during growth turned
out to have strong influence on @, ,,.>* Density-functional
theory (DFT) calculation by MasSek ef al. predicts a strong
influence of Mny interstitial and Asg, antisite defect concen-
trations on d.,,c, Wwhile the contribution of substitutional
Mng, concentration was argued to be negligible. Recently,
Zhao et al.** and Daeubler et al. showed that though the DFT
calculation by Masek er al.®® strongly underestimated the
influence of Mng, concentration, the contribution of Mn; and
Asg, concentrations to a,.,, indeed is important, albeit some-
what smaller than previously thought.

Here, we want to focus on the effect of hydrogenation on
the lattice parameter. There already is a non-negligible de-
gree of compensation in the as-grown samples caused by the
presence of Mn; and Asg, defects acting as double donors.*?
For samples grown with similar growth parameters in the
same MBE chamber, Daeubler et al.*> observed a slight de-
crease in the hole concentration from p~3.2X 10?° cm™ at
x=0.031 to p=~23Xx10* cm™ at x=0.049 due to an in-
creasing amount of compensating Mn;.*3 Hydrogen will most
likely only passivate the uncompensated Mng, acceptors.
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Since the concentration of electrically active Mng, acceptors
in the samples slightly decreases above x=0.03, indeed an
approximately constant or even decreasing Aay would be
expected as observed in Fig. 7.

In the following we want to estimate the volume increase
AVy of a single Mng,-As pair upon hydrogenation via

NoVnasn = NoVin-as + [H]AVy. (3)

Here Vi as=@em+Aay)?/4 and Vi, ag=a’,, /4 are the

effective volumes of a single Mng,-As-H complex and a
single Mng,-As pair, respectively, d,.,,=5.67 A is the lattice
parameter of an as-grown Ga;_MnAs layer, Ny=2.21
X 10?* cm™ is again the volume density of Ga lattice sites,
and [H] is the hydrogen concentration. We assume that the
increase in lattice parameter Aay=~(3.5+1.4)x 107 A is
caused by a hydrogen concentration which approximately
equals the hole concentration before hydrogenation [H]=p
~(3*x1)X10*° cm™>. From this we obtain AV
~(6+3) A3 and AVy/Vyas=0.14 +0.07. Goss and Brid-
don'? calculated for the on-axis bond-centered Mny;,-Hy,
complex, a bond-centered complex with the H atom lying
considerably off the [111] axis (Mny,-Hy.) [Fig. 8(a)], and
the antibonding (Mny;,-H,p(as) [Fig. 8(b)] configuration val-
ues of AVy/ Vi asMnyg,-Hy) =0.17, AVy/ Vi a(Mnyy,-
Hp)=0.11, and AVy/ Vi as(Mny-Hypas) =0.07, respec-
tively.

Consequently, our HR-XRD data agree best with the
bond-centered configurations. However, also the volume in-
crease expected for the antibonding configuration is in agree-
ment with our results within the error bars. Therefore, our
HR-XRD data show that there indeed is a volume increase
upon hydrogenation as expected for Mn-H complex forma-
tion. But the accuracy of this experimental technique is not
sufficient to draw unambiguous conclusions about the spe-
cific nature of the Mn-H configuration. A physical quantity
that significantly differs for the bond-centered and the anti-
bonding configurations is the corresponding radial distribu-
tion function of the Mn atom [Figs. 8(c) and 8(d)]. In the
antibonding configuration all four As nearest neighbors have
almost the same distance =~2.5 A from the Mn atom [Figs.
8(b) and 8(d)], while in the off-axis bond-centered configu-
ration, there is one As atom having a significantly larger
distance of ~3.2 A [Figs. 8(a) and 8(c)]. An experimental
method to study this local structure of the Mn atoms is ex-
tended XAFS (EXAFS).

V. EXAFS

XAFS measurements were performed at the European
Synchrotron Radiation Facility in Grenoble [beamline BM
29 (Ref. 44)] using a Si (311) monochromator in x-ray fluo-
rescence detection mode. For each of the two samples with
x=0.039, we investigated an as-grown piece, a hydrogenated
piece, and a reference piece, treated in the same way as the
hydrogenated one, but with the hydrogen plasma switched
off. The energy dependence of the x-ray absorption coeffi-
cient u(E) at the Mn K edge was measured detecting the
intensity of the Mn Ka fluorescence line by means of a 13-
element Ge hyperpure solid-state detector. Note that we also
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FIG. 8. (Color online) (a) Off-axis bond-centered configuration (Mny;,-Hy,), and (b) antibonding configuration (Mny,-Hyp(as) of the
Mng,-H complex with the bond lengths calculated by Goss and Briddon (Ref. 17). Similar values have been obtained by Bonapasta et al.
(Ref. 16). (c) Expected radial distribution function for the off-axis bond-centered configuration (Mng,-H;,). (d) Expected radial distribution
function for the antibonding configuration (Mng,-H,p(as). To estimate these radial distribution functions we used the bond lengths to the
neighboring As atoms from Ref. 17 depicted in (a) and (b) and broadened the distribution function by Lorentzians with a full width at half

maximum (FWHM) of 0.2 A.

checked for a possible impact of synchrotron irradiation on
sample properties and especially the stability of the Mn-H
complexes and in particular verified that the hydrogenated
samples showed the characteristic local vibrational mode at
1546 cm™' (note that we used the isotope deuterium), the
expected shift of the (004) reflex in HR-XRD, as well as the
suppression of ferromagnetic and spin-wave resonances both
before and after the XAFS measurements. Nevertheless, the
Mn-H complexes could still be dissociated or excited to a
higher energy state during the experiment and reform at the
end. However, a transient dissociation appears to be highly
unlikely considering that the reactivation of Mn acceptors is
a very long procedure which requires the samples to be
heated to 7> 150 °C for several hours.® Furthermore, since
EXAFS is highly sensitive to changes in the position of at-
oms immediately close to the central Mn, an excited state of
the H atom in the vicinity of the Mn atom, such as near the
bond-center position, would still be detectable by this tech-
nique.

The XAFS absorption coefficient w(E) of an as-grown
Ga,;_Mn,As sample with x=0.039 is shown in Fig. 9. The
sharp rise at Ey=6539 eV is the Mn K absorption edge.
Above this energy, electrons are excited from the Mn K 1s
core level into the continuum. In a simple picture*> the pho-
toelectron with mass m propagates with wave number k
=\2m(E-E,)/#* and can scatter from the electrons of the
neighboring atoms. The photoelectron wave backscattered
from the neighbors interferes with the outgoing photoelec-

tron wave and such interference causes oscillations in the
absorption coefficient which contain information about the
local crystallographic neighborhood of the absorbing Mn
atom,*® which will be extracted in the following.

1, (E) )
aavd (Ga,Mn)As x=0.039
[ c
5 S5
: el
g ||| =
N = x L -
= ~
0 5 10 15
k(A7)
6.6 6.8 7.0 7.2

E (keV)

FIG. 9. XAFS absorption coefficient w(E) of an as-grown
Ga;_Mn,As sample with x=0.039. The dashed curve is a smooth
background function representing the absorption of an isolated Mn
atom uo(E). Inset shows the extracted ky(k) spectrum described in
the text.
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FIG. 10. Comparison of the Fourier transforms of the
Mn K-edge EXAFS yx functions of an as-grown, a hydrogenated,
and an annealed reference sample. Inset shows the k-weighted
Mn K-edge EXAFS y functions. The dashed curves are fits to the
measured data. For clarity the curves are shifted vertically.

The w(E) spectrum typically is subdivided into two inter-
vals: the regime within =50 eV of the absorption edge and
the energy range far above the absorption edge (50-1000
eV). Accordingly, the investigation of the u(E) spectrum is
called x-ray absorption near-edge spectroscopy (XANES)
and extended x-ray absorption fine-structure spectroscopy
(EXAFS) depending on the energy range. First we will focus
on the EXAFS analysis, while XANES will be discussed in
Sec. VL.

The first step in EXAFS data analysis is the subtraction of
a smooth background function representing the absorption of
an isolated Mn atom u((E) (dashed curve in Fig. 9). In this
way we obtain the EXAFS fine-structure function x(E)
=[u(E)— uo(E)]/ Apg, where Apy is the jump in u(E) at E
=E,. The extracted (k) using the AUTOBK code*” multiplied
by k as a weighing function is shown in the inset of Fig. 9.

The same analysis was performed for EXAFS data ob-
tained for the hydrogenated and the annealed reference
samples (inset of Fig. 10). In the Fourier transforms of these
Mn K-edge EXAFS kx(k) functions shown in Fig. 10, the
different coordination shells of the zinc-blende lattice sur-
rounding the Mn atom can be distinguished, with peaks at
~2.2, =37, and =4.4 A corresponding to the nearest As,
nearest Ga, and second-nearest As neighbors, respectively.
The Fourier transforms found for the as-grown, hydrogen-
ated, and annealed reference samples are virtually identical,
except for a reduced magnitude of the nearest As-neighbor
peak around 2.2 A for the hydrogenated sample. This obser-
vation is confirmed by the results of corresponding measure-
ments performed on a set of second samples with same x (not
shown).

We performed an ab initio modeling of the absorption
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cross section using a cluster comprising the first three coor-
dination shells of the Mn atom. For the calculation of the
theoretical backscattering amplitudes and phase shifts, we
used the FEFF 6L.02 code.*® Subsequently, we fitted the data in
R space within a window from 1.5 to 5.2 A, which includes
the first three coordination shells, using the FEFFIT program*’
(dashed lines in Fig. 10). The resulting fitting parameters of
the three shells—nearest As-neighbor bond length R, near-
est Ga-neighbor bond length Rg,, and second-nearest As-
neighbor bond length Ry, as well as nearest As-neighbor
Debye-Waller factor o&s, nearest Ga-neighbor Debye-Waller
factor og,, and second-nearest As-neighbor Debye-Waller
factor o, ,—are plotted as a function of sample treatment in
Fig. 11. There, “H” and “A” denote “hydrogenation” and
“annealing with plasma switched off,” respectively. Sample
1 is the one already investigated in Fig. 10. The fitting pa-
rameters obtained for the as-grown samples are in good
a;%reement with values determined for Ry, Rga Ras ais,
2. and o4, of Ga;_Mn,As thin films before.”® The ampli-
tude reduction in the Fourier transform of ky(k) after hydro-
genation already mentioned above is accounted for by the
significant increase in the nearest As-neighbor Debye-Waller
factor O'is of the hydrogenated sample shown in Fig. 11(d).
The fits also indicate an increase in the second and third shell
Debye-Waller factors og, and o3, for the hydrogenated
samples [Figs. 11(e) and 11(f)]. The physical meaning of the
Debye-Waller factors’ rise is an increase in local structural
disorder after hydrogenation. Besides, there seems to be a
slight increase in R, after hydrogenation, while Rg, and
R 4> remain almost unaffected, indicating that Mn and H are
at least correlated. Since all parameters of the annealed ref-
erence samples within error bars are the same as those of the
as-grown samples, a significant effect of the elevated tem-
perature alone during hydrogenation can be excluded.

It is important to mention that we obtained the best fit to
the spectra of the hydrogenated samples using the same
cluster—with the same distance for all four As nearest
neighbors—as for the annealed and the as-grown samples.
Especially, a cluster with one As atom of the first shell hav-
ing a larger distance according to Fig. 8(a) did not improve
the fit. This is also obvious from the Fourier transform of
kx(k) for the hydrogenated sample in Fig. 10. From the—
according to DFT calculations'®!'"—energetically most fa-
vorable cluster model, the off-axis bond-centered configura-
tion of the hydrogen atom [Fig. 8(a)], we would have
expected at least an additional peak or shoulder on the higher
distance side of the nearest As-neighbor peak, similar to the
additional peak of the first shell in the schematic radial dis-
tribution function in Fig. 8(c). The fact that no such second
peak or shoulder can be resolved for any of the two hydro-
genated samples investigated strongly suggests that the off-
axis bond-centered Mn-H complex of Fig. 8(a) predicted by
theory is not detectable in our samples with EXAFS. Our
measurements rather agree with the one-peak structure of the
first coordination shell schematically shown in Fig. 8(d) for
the antibonding configuration in Fig. 8(b). Other possibilities
which would account for the EXAFS data could be that the
H atom is not bound to a nearest As neighbor, but to a more
distant As atom or that the H atom is present as a compen-
sating interstitial donor. Both situations would also result in
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FIG. 11. (a) Nearest As-neighbor bond length Ry, (b) nearest Ga-neighbor bond length Rg,, and (c) second-nearest As-neighbor bond
length R, as well as (d) nearest As-neighbor Debye-Waller factor UZAS, (e) nearest Ga-neighbor Debye-Waller factor o’zGa, and (f) second-
nearest As-neighbor Debye-Waller factor ‘Tisz as a function of sample treatment (H=hydrogenation, A=annealing) determined from the fits

to the spectra on sample 1 in Fig. 10 and on sample 2.

an one-peak structure of the first coordination shell. Note
that in this case it would be difficult to attribute a H atom to
a specific Mn atom. This is due to the fact that for x
=0.039 the average Mn-Mn distance is dypp,=10.5 A,
which corresponds approximately to two lattice constants.

VI. XANES

In this section we will focus on the investigation of the
near Mn K edge region of the u(E) spectrum. Figure 12
compares the experimental XANES spectra of an as-grown
and a hydrogenated piece of sample 2 with ab initio simula-
tions performed in the full multiple scattering (FMS) ap-
proach assuming the formation of different Mn-H com-
plexes: single Mn (sMn), bond-center (bc), and antibonding
(ab) complexes with H linked to either Mn or As, and two
more complexes (abAsGa, bcAsGa) where the distance be-
tween Mn and H is bigger (cf. Table II in Ref. 16). The atom
positions in the clusters used for the FMS simulations have
been calculated by DFT in the Hubbard U(o-GGA+U)
approximation.'® We repeated a 64-atom supercell eight
times, translating the positions in order to drive a Mn atom to
the center of the cell. The clusters consisted, indeed, of 512
atoms for the single substitutional Mn on Ga (sMn) and 520
atoms for the Mn-H complexes.

FMS simulations of the Mn K-edge XANES were per-
formed by using the FEFF 8.1 code®' based on Green’s func-
tion calculations in the complex plane. The code employs a
Barth-Hedin formulation for the exchange-correlation part of
the potential and the Hedin-Lundqvist self-energy correction;
calculation of the potential was performed by using a self-
consistent field within a 5 A radius, a distance that includes
the third coordination shell of a central Mn. The FMS radius
was fixed to 20 A in order to enclose all the input atoms
without using any extra scattering path. This simulation
method has already been demonstrated to be effective for the

study of N-H complexes in hydrogenated GaAsN (Ref. 52)
and for other dilute nitride semiconductors.’ In the case of
the FMS simulations reported in this paper, the imaginary
part of the exchange-correlation potential has been corrected
by adding a constant shift equal to 1 eV (i.e., of the same
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FIG. 12. (Color online) Comparison of the XANES spectra of a
hydrogenated and as-grown piece of sample 2 (the two lowest spec-
tra) with ab initio simulations performed in the FMS approach for
different Mn-H complexes: single Mn (sMn), bond-center (bc), and
antibonding (ab) complexes with H linked to either Mn or As, and
two more complexes (abAsGa, bcAsGa) where the distance be-
tween Mn and H is bigger.
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FIG. 13. (Color online) (a) Zoom on the pre-edge region of Fig.
12; the vertical lines delimitate the pre-edge peak/shoulder. (b)
Comparison of the experimental XANES spectra with the FMS
simulations that give the best agreement, i.e., sMn for the as-grown
sample and abAsGa for the hydrogenated one, respectively.

order of the natural width of the Mn K level®*) to mimic the
XANES broadening. In order to obtain an optimal correspon-
dence between experimental data and simulations, the energy
scale of calculated spectra has been only slightly shifted
(2.8 eV) and dilated (3%) around the edge position; this
has been done based on a comparison between the experi-
mental and theoretical spectra for the untreated Ga;_,Mn,As
sample, the line shape of which is already well known.>
The simulation for Mng, (sMn) reproduces the overall
experimental spectrum of the as-grown sample and the rela-
tive positions of the spectral features well with a pre-edge
peak at 6540 eV, a main peak at 6554 eV, weaker peaks at
6570 and 6582 eV (emphasized by vertical lines in Fig. 12),
and a valley at 6591 eV. After hydrogenation the pre-edge
peak at 6540 eV becomes a shoulder [Fig. 13(a), bottom],
while the rest of the spectrum does not change appreciably
(Fig. 12). The simulation for the bond-centered complexes
(bcMn, bcAs) does not reproduce the experimental spectrum
of the hydrogenated sample (absence of the valley at 6563
eV, absence of the peaks at 6570 eV and 6582 eV, and pres-
ence of a peak at 6591 eV where a valley is observed experi-
mentally), so that the formation of these complexes can be
discarded on the basis of XANES for the samples under
study. This is in agreement with the results of the EXAFS
data analysis discussed above. Inspecting the simulations for
the other Mn-H complexes, a shoulder around 6540 eV
(more or less accentuated) is observed in the case of the Mn
and the As antibonding complexes (abMn, abAs) and also in
the case of the abAsGa and the bcAsGa complexes [Fig.
13(a)]; far from the pre-edge region these simulations are
similar to the one for sMn (Fig. 12) and, indeed, well repro-
duce the experimental spectrum of the hydrogenated sample.
Figure 13(b) compares the pre-edge region of the experimen-
tal spectra for the untreated and hydrogenated sample 2 with
the simulations that yield, for each situation, the best agree-
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ment. The fact that we observe only one peak in the pre-edge
energy range—and also the fact that the peak is only weakly
affected upon hydrogenation—is in agreement with the ex-
pectation for magnetic semiconductors with a tetrahedral ar-
rangement of ligands around Mn in the Mn?*(3d°)
configuration.>®

The XANES results strengthen the conclusion of the
EXAFS analysis excluding the formation of the bond-
centered complexes in the hydrogenated material studied.
Furthermore, the experimental results could be explained
again by the formation of either antibonding complexes or
other complexes in which the H atom is more distant from
the central Mn.

VII. CONCLUSION

In this paper we investigated the changes in the local
structure of Mn in Ga;_Mn,As upon hydrogenation in two
sets of samples. For diluted samples with x=0.005 grown by
MOVPE we observed the typical EPR signature of Mn?**
ions, the expected oxidation state of Mn in hydrogenated
Ga;_,Mn,As. The uniaxial anisotropy parameter associated
with the incorporation of hydrogen atoms D;;;=0.1 mT
X gup determined from a simulation of the anisotropic EPR
signal is very small. Therefore, from EPR it seems that most
H atoms occupy positions which do not lead to crystal-field
anisotropies at the Mn atom which are easily detectable in
EPR. The results obtained with this method favor antibond-
ing positions for H in Mn-H complexes or even the incorpo-
ration of H at positions not associated with Mn itself, such as
interstitial hydrogen.

Our analysis of the HR-XRD data shows that there indeed
is a volume increase in the unit cell upon hydrogenation as
expected for Mn-H complex formation. However, the accu-
racy of this experimental technique is not sufficient to draw
unambiguous conclusions about the specific nature of the
Mn-H configuration.

The conclusions which can be drawn from the EXAFS
and XANES experiments on the samples with high Mn con-
centration are clearer again and agree with the EPR results.
The absence of a second peak or shoulder at the first coordi-
nation shell in the radial distribution function determined
from the Mn K-edge EXAFS, as well as the comparison of
the corresponding XANES spectrum with simulations of sev-
eral complexes, strongly suggests that the bond-centered
complex predicted by DFT calculations is not dominant in
our hydrogenated samples. Both EXAFS and XANES spec-
tra can rather be explained by the formation of antibonding
complexes or complexes in which the H atom is not bound to
a nearest As neighbor, but a more distant As atom.

One particular donor leading to compensation which
might be envisaged to form upon hydrogenation is the gal-
lium vacancy Vg, decorated with hydrogen atoms.’”3® While
the characteristic vibrational frequency of this complex
would be similar to that of As-H, the donor state of the
vacancy requires four hydrogen atoms. Although SIMS data
have to be interpreted with care, a hydrogen concentration
four times larger than the Mn concentration required for a
full compensation by Hy-Vg, is at variance with the SIMS
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results.” However, very little is known about vacancies in
Ga;_,Mn,As and it would certainly be worthwhile to study
the material, e.g., by positron annihilation and further theo-
retical calculations.

How can the EPR, EXAFS, and XANES results be rec-
onciled with the existing theoretical understanding in par-
ticular with respect to the local vibrational mode which is
also observed in the LT-MBE grown samples studied here?
One obvious difference between the samples traditionally
studied with local vibrational mode spectroscopy and those
investigated here is the high concentration of dopants and
hydrogen atoms in our case. This will most likely lead to
interactions between neighboring complexes, already in-
voked as a possible reason for the failure to observe resolved
EPR in the LT-MBE grown material. This interaction could
lead to bond-centered complexes not being energetically fa-
vored any more at high concentrations. Indeed, also the the-
oretical calculations predicting the behavior of H in semicon-
ductors are now carried out in large supercells usually
containing a single impurity and are therefore more relevant
to very dilute systems rather than the high-concentration ma-
terial studied here. To elucidate this point, a very detailed
study varying the Mn and H concentrations and quantita-
tively comparing, e.g., the Fourier transformation infrared
(FTIR) spectroscopy absorption strength and the EPR signal
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intensity should be carried out, which is beyond the scope of
this initial study. Furthermore, the question whether compen-
sation or passivation is taking place when the H atoms are
not positioned closely to the Mn atoms should be investi-
gated by thermopower®® or mobility measurements®® on
samples which are semiconducting both in the as-grown as
well as in the hydrogenated state. Finally, ferromagnetic
semiconductors are known to be inhomogeneous, so that it
could be envisaged that complexes with large distances be-
tween Mn and H are formed in regions with high Mn con-
tent, dominating the EPR and EXAFS measurements, while
well defined complexes with small distances are formed in
regions with low concentrations, as predicted by theory. Nev-
ertheless, the present study expands the techniques available
for the investigation of the structural effects of hydrogena-
tion on semiconductors.
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