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Native vacancy defects in Zn1−x„Mn,Co…xGeAs2 studied with positron
annihilation spectroscopy
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S. A. Varnavskiy,3 and S. F. Marenkin3

1Department of Applied Physics, Helsinki University of Technology, P.O. Box 1100, 02015 TKK,
Espoo, Finland
2Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, 02-668 Warsaw, Poland
3Kurnakov Institute of General and Inorganic Chemistry RAS, 119991 Moscow, Russia

�Received 9 January 2009; accepted 9 June 2009; published online 13 July 2009�

We have studied vacancy defects in chalcopyrite semimagnetic semiconducting mixed
Zn1−x�Mn,Co�xGeAs2 bulk crystals with alloy composition x varying between 0.052 to 0.182 using
positron annihilation spectroscopy. We identified As vacancies, potentially complexed with the
transition metal alloying elements, in all the studied samples, while no cation vacancy related
defects were detected. The positron lifetimes for the bulk ZnGeAs2 lattice and neutral As vacancy
were determined to be �B=220–230 ps and �As=300�10 ps, respectively. Our results also show
that the p-type conductivity in the samples is not due to cation vacancy related acceptor centers. The
As vacancies were found to be present at such low concentrations that they cannot be responsible
for the compensation of the p-type conductivity or the reduction of mobility in the
Zn1−x�Mn,Co�xGeAs2 samples. © 2009 American Institute of Physics. �DOI: 10.1063/1.3168440�

I. INTRODUCTION

The limited possibilities of miniaturization of electronic
complementary metal oxide semiconductor �CMOS� devices
have led researchers to explore new ways of processing in-
formation. One of the widely tested ideas that may revolu-
tionize modern electronics is the idea of using both the
charge and the electron spin to transmit information. The
newly created class of spintronic1 devices that possess the
capabilities to produce and detect spin polarized carriers is
one of the potential candidates that may revolutionize mod-
ern electronics. For the construction of spin electronic de-
vices, it is necessary to develop materials, which combine
semiconducting �with the ability to change the electrical
properties through doping or other methods� and magnetic
�showing ferromagnetic ordering at room temperature� prop-
erties.

Diluted magnetic semiconductors �DMS� offer very
promising physical properties, which put them in the fore-
front of candidates for applications in spin electronics. Most
materials are created using semiconductor matrix based on
III–V or II–VI compounds, to which paramagnetic ions such
as transition metal �TM� ions �Mn, Co, Fe� or rare earths
�Gd, Eu, Sm� are added.2–4 The inclusion of magnetic ions
into the semiconductor allows the creation of a material in
which you can control the magnetic properties by changing
the electrical properties of the alloy. This is possible because
the ferromagnetism in DMSs is mediated by the conducting
carriers. This is extremely useful in the context of engineer-
ing materials and potential applications. The most intensively

investigated DMS is Ga1−xMnxAs, in which it is possible to
tune Curie temperature, TC, in a wide range of temperatures
�up to 173 K�.5

Most literature reports on the magnetic properties of
DMS give a Curie temperature much lower than room tem-
perature, which makes such materials impractical for pos-
sible applications. The lack of appropriate semimagnetic
semiconductors among materials based on III–V and II–VI
compounds, i.e., capable of working at room temperature,
has forced the search for new ferromagnetic semiconductors
that meet these requirements. Among many of the newly
discovered ferromagnetic semiconductors exists a very
promising group of materials in which the ferromagnetism
was discovered at temperatures higher than 300 K. This class
consists of several II–IV-V2 chalcopyrite compounds such as
Cd1−xMnxGeP2 �Ref. 6� or Zn1−xMnxSnAs2

7,8 with TC equal
to 320 and 329 K, respectively.

In the present article we investigate the
Zn1−x�Mn,Co�xGeAs2 compound, whose chemical composi-
tion varied between 0.052�x�0.182. The nonmagnetic
equivalent of this alloy has many interesting physical prop-
erties. For example, the top of the valence band is nondegen-
erate, which means that this material is an effective source of
spin polarized photoelectrons.9 In addition, the large nonlin-
ear optical coefficients are such that ZnGeAs2 is suitable for
applications in nonlinear optics.10 This material has a direct
energy gap at the � point of the Brillouin zone with a value
of Eg=1.15 eV, which expands its potential applications for
optoelectronic devices.11 Moreover, this material has a lattice
constant similar to GaAs,12 which makes it compatible with
existing technology. In our previous work13 we have shown
the existence of ferromagnetic ordering of the
Zn1−xMnxGeAs2 alloy �with x�0.078� with Curie tempera-
ture far above room temperature �TC=367 K for x=0.182�.
We believe that the observed room temperature ferromag-
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netism was related to the spinodal distribution of magnetic
ions in the semiconductor.14 It should also be noted that the
electrical properties of the alloy depend strongly on its
chemical composition. The samples had p-type conductivity
with carrier concentration n between 1019–1020 cm−3 and
mobility ��10 cm2 V−1 s−1.

In order to explain the observed electrical and magnetic
properties of this alloy we have studied vacancy-type defects
using positron annihilation spectroscopy. Positrons implanted
into a solid can get trapped in, and localize at, neutral and
negative vacancies due to the missing positive ion core. This
results in observable changes in the measurable annihilation
characteristics, i.e., the positron lifetime, and the momentum
distribution of the annihilating positron-electron pair, which
can be detected using Doppler broadening spectroscopy. The
annihilation parameters can be used to determine the va-
cancy concentration as well as to distinguish between differ-
ent vacancy types and their chemical environment. Typically,
native vacancy defects are important for electrical compen-
sation of semiconductor materials. They may also affect
magnetic properties of DMS. Due to these facts, the present
studies are crucial to understand and control the properties of
Zn1−x�Mn,Co�xGeAs2 crystals. The present investigations
may also be of help in making future improvements in the
growth technology of these alloys.

II. EXPERIMENTAL

A. Sample preparation and basic characterization

For purposes of our investigations we have prepared
bulk Zn1−x�Mn,Co�xGeAs2 mixed crystals grown by the di-
rect fusion method from a stoichiometric ratio of high purity
powders of ZnAs2, Mn, and Ge. The details about the growth
procedure can be found in Ref. 15. In order to increase the
Mn solubility in the alloy, the crystals were cooled down
from the growth temperature �T�1170 K� with high speed
of 5–10 K/s. The crystals were then cut into thin slices �about
1 mm thick� perpendicular to the growth direction.

For the basic electrical characterization of the samples,
we used standard six contact Hall configuration. Electrical
contacts to the sample were prepared on an etched and pol-
ished surface using indium solder and gold wires. We mea-
sured the resistivity �xx parallel to the current direction. The
Hall effect measurements were performed in the constant
magnetic field B=1.4 T.

B. Positron annihilation spectroscopy

The positron lifetimes in 0.5 mm thick samples were
measured with a conventional fast-fast coincidence spec-
trometer with a time resolution of 250 ps.16 Two identical
sample pieces were sandwiched with a 20 �Ci 22Na positron
source. Typically 4�106 annihilation events were collected
in each positron lifetime spectrum. The lifetime spectrum,
n�t�=	i�iIi exp�−t /�i�, was analyzed as the sum of exponen-
tial decay components convoluted with the Gaussian reso-
lution function of the spectrometer, after subtracting the con-
stant background and annihilations in the source material
�typically a few percent, for details see, e.g., Ref. 17�. The
positron in state i annihilates with a lifetime �i and an inten-
sity Ii. The state in question can be the delocalized state in
the lattice or the localized state at a vacancy defect. The
increase in the average lifetime �av=�iIi�i above the bulk
lattice lifetime, �B, shows that vacancy defects are present in
the material. This parameter is insensitive to the decomposi-
tion procedure, and even a change in its value as small as 1
ps can be reliably measured.

In the case of one type of vacancy defect with specific
lifetime �V, the decomposition of the lifetime spectrum into
two components �1 and �2 is straightforward to interpret. The
second lifetime component, �2=�V, gives directly the va-
cancy specific lifetime and the first lifetime component is
�1= ��B

−1−
V�−1, where �B is the positron lifetime in the de-
localized state in the lattice and 
V is the positron trapping
rate into the vacancy defects.

The Doppler broadening of the annihilation radiation
was measured simultaneously with the positron lifetime. In
this setup a Ge detector with an energy resolution of 1.3 keV
was used. The conventional S �low momenta: �pz�
�0.4 a.u.� and W �high momenta: 1.5 a.u.� �pz��4.0 a.u.�
annihilation parameters were determined from the measured
data after background subtraction as the fractions of annihi-
lations in the corresponding momentum ranges.

III. RESULTS AND ANALYSIS

The chemical composition of crystals was checked using
x-ray fluorescence spectroscopy. The results showed that the
chemical composition of crystals along the ingot was uni-
form indicating that the bulk crystals are homogeneous. The
chemical compositions of the samples are gathered in Table
I. Typical relative uncertainty of this method is about 10%.

In order to have information about the crystallographic
quality of our samples we performed standard powder x-ray

TABLE I. Results of basic characterization of Zn1−x�Mn,Co�xGeAs2 samples including: molar fractions of
substitutional TM ions x, crystallographic parameters a and c, and transport properties measured at room
temperature including free carrier concentration n, resistivity �xx, and mobility �.

TM x
a

�Å�
c

�Å�
n �1019�
�cm−3�

�xx �10−2�
�� cm�

�
�cm2 V−1 s−1�

Co 0.052 5.673 11.149 3.8�0.2 2.1�0.1 10�0.5
Mn 0.053 5.658 11.242 3.5�0.2 1.6�0.1 11�0.5
Mn 0.078 5.651 11.232 5.2�0.3 4.6�0.2 2.6�0.2
Mn 0.182 5.654 11.197 7.5�0.4 3.4�0.2 2.4�0.2
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diffraction �XRD� spectroscopy measurements on each
sample. The results showed that the grown samples were
single phase and crystallized in the chalcopyrite structure.
For Mn content x�0.08 the samples were single crystals,
while for x0.08 the samples were polycrystalline with
grain size in the 5 nm range. One additional sample with Co
instead of Mn was also a single crystal. The lattice param-
eters obtained from XRD measurements are also gathered in
Table I. Comparison of unit cell volume of our alloy compo-
sitions with results from literature for ZnGeAs2 and
MnGeAs2 shows that the samples exhibit bowing nonlinear-
ity different from the Vegard law: the unit cell volume ex-
hibits a minimum at x�0.182.

In addition to the standard crystallographic characteriza-
tion we also performed a basic electrical characterization of
the samples, including measurements of electrical resistivity
and Hall carrier concentration at room temperature. These
results are also gathered in Table I.

The average positron lifetime measured in the
Zn1−x�Mn,Co�xGeAs2 samples is shown in Fig. 1. It is
clearly seen that the average lifetime increases with increas-
ing TM content, indicating that �i� vacancy defects are ob-
served in the samples and �ii� the total open volume con-
tained in the observed vacancy defects increases when the
TM content is increased. Further, alloying with Co instead of
Mn �at similar content� with ZnGeAs2 results in a higher
amount of open volume defects. The data presented in Fig. 1
were measured at room temperature. Measurements as a
function of temperature in the range 10–400 K were also
performed, but no changes in the average positron lifetime
could be observed at these temperatures.

The positron lifetime spectra measured in the four
samples could be decomposed into two components, �1 and
�2, giving the value �2=290–310 ps for the higher compo-
nent. The results of the decomposition of the lifetime spectra
are given in Table II, together with the estimation of the bulk
lifetime assuming that only one kind of defect contributes to
the positron lifetime: �B=�1�2 / ��1+�2−�av�.

16 The estimated
bulk lifetime of about 220–230 ps is similar to that in the
binary counterpart of ZnGeAs2, namely, GaAs �with similar
lattice constant�, where �B=230 ps.18 This suggests that the
one-defect model is applicable in this case and that the esti-
mated bulk lifetime can be assumed to be the actual positron
lifetime in the defect-free lattice of ZnGeAs2. The behavior
of the first �lower� lifetime component also supports the use
of the one-defect model, as it decreases with increasing av-
erage positron lifetime and increasing positron trapping at
vacancies. The higher lifetime component is the lifetime of
positrons trapped at vacancy defects.

In order to study the possible chemical effects of transi-
tion metals on the observed vacancies in the
Zn1−x�Mn,Co�xGeAs2 samples we measured the Doppler
broadening of the annihilation line simultaneously with the
positron lifetime. The S and W parameters determined from
the spectra are shown in Table II together with the lifetime
data. The Doppler broadening parameters �S and W� behave
in a manner similar to the average lifetime, i.e., the S param-
eter increases and the W parameter decreases with increasing
TM content, as is typical when the amount of open volume
increases.

Plotting the measured S and W parameters in an �S ,W�
plane shows that they all form a line �Fig. 2�. This indicates
again that there are two kinds of states where the positrons
annihilate. One is the defect state characterized by the higher
lifetime component of �2=300�10 ps, and the other state is
the free state of the positron in the perfect lattice. However,
the sample alloyed with Co does not follow the general
single-defect trend of increasing S �decreasing W� parameter
with increasing open volume. This effect is best observed
when the S and W parameters are plotted as a function of the
average positron lifetime �Fig. 3�. If there were only one
kind of defect in all samples, the S and W parameters and �av

would all depend on each other linearly.16 However, as can
be very clearly seen in Fig. 3, both the S and W parameters
measured in the sample alloyed with Co fall out of the line
that can be drawn through the rest of the data.

It is likely that the S and especially the W parameters in
the sample alloyed with Co reflect a change in the chemical
environment �change in electron configuration� of the ob-

FIG. 1. Average positron lifetime �av as a function of TM ion molar fraction
x measured for Zn1−x�Mn,Co�xGeAs2 samples containing Mn �closed
points� and Co �open points� ions. The line is a guide to the eye and indi-
cates the trend in �av with x.

TABLE II. The average positron lifetime, �av, the two lifetime components, �1, �2, and the intensity I2 �I1=1− I2� extracted from the experimental lifetime
spectra, the chi-square value for the decomposition �2, and the bulk lifetime �B in Zn1−x�Mn,Co�xGeAs2 estimated applying the one-defect model, and Doppler
broadening spectra characteristic S and W parameters.

TM x
�av

�ps�
�1

�ps�
�2

�ps�
I2

�%� �2
�B

�ps� S W

Co 0.052 233.5�0.5 195�3 302�4 36�3 1.16 223�5 0.4384 0.0524
Mn 0.053 228.5�0.5 197�3 288�5 35�4 1.02 220�5 0.4387 0.0521
Mn 0.078 243.5�0.5 183�3 297�2 53�2 1.02 229�5 0.4416 0.0515
Mn 0.182 246.5�0.5 188�3 310�3 49�2 1.14 231�5 0.4427 0.0509
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served vacancies. Both the alloying elements, Mn and Co,
substitute for Zn in ZnGeAs2. As positrons trapped at vacan-
cies are sensitive to changes only in the neighboring atoms,
this suggests that the vacancy defects observed by positrons
are located on the As sublattice, with nearest neighbors from
the Zn and Ge sublattices.

IV. DISCUSSION

The results of the positron experiments can be better
understood by comparing them to those obtained in the bi-
nary counterpart of ZnGeAs2, namely, GaAs. The chalcopy-
rite structure of ZnGeAs2 is nearly the same as the
zincblende structure of GaAs with the Ga atoms substituted
by atoms neighboring Ga �Z=31�, half by Zn �Z=30�, and
the other half by Ge �Z=32�. As the lattice constants of these
two materials are very similar, it is natural to assume that the
positron lifetime parameters of the defect-free crystal lattices
are similar. The Doppler parameters are much more sensitive
to the details of both the atomic and electronic structures that
affect the penetration of the positron wave function to the
electron shells around the ions and should not be expected to
be similar. The latter is illustrated very well by comparing

ZnO and GaN: they both crystallize in the hexagonal wurtz-
ite structure, the atoms forming the compounds are nearest
neighbors in the periodic table of elements, and the lattice
constants are similar �a bit larger in ZnO�. The positron life-
time in the bulk lattice is �about 5%� higher in ZnO than
GaN, the S parameter is 5% lower and the W parameter 30%
higher. Notice for comparison that a 5% increase in lifetime
in one material due to vacancies is typically accompanied by
a change in the Doppler parameters of much lower magni-
tude than the difference between materials.19,20

Indeed, the bulk lifetime estimated from the present data
on ZnGeAs2, �B=220–230 ps, is very close to the value
obtained in GaAs: �B=230 ps.18 The values for �B in Table II
are all within experimental accuracy. It is worth noting, how-
ever, that the bulk lifetime must be equal to or smaller than
the measured average positron lifetime. Hence the bulk life-
time must be below the average lifetime measured in the
sample with 5% of Mn ��av=228 ps�. In addition, as this
sample already contains vacancy defects, 220 ps can be taken
as the bulk lifetime. The higher bulk lifetimes estimated from
the polycrystalline samples can be affected by the presence
of some other open volume defect and trapping at the grain
boundaries.

The second �higher� lifetime component that can be
separated from the lifetime spectra is roughly the same in all
the four samples, namely �2=290–310 ps. In the case of
GaAs, the Ga sublattice vacancy has a lifetime of about 260
ps, and the As vacancy about 295 ps in the neutral and about
260 ps in the negative charge state.18 Hence, as the bulk
lifetime is quite similar in both ZnGeAs2 and GaAs, it is
natural to assign the second lifetime component measured
here to As vacancies. The sensitivity of the Doppler param-
eters to the alloying element suggests that the As vacancies
are formed preferentially next to Mn or Co, both substituting
for Zn. The difference in the annihilation of positrons for the
two elements comes from the fact that the Co atoms have
more 3d electrons than the Mn atoms. The contribution from
the additional 3d electrons to the high momentum part of
electron density should increase the W parameter.21 This rea-
soning is supported by our calculations of the core electron
momentum distributions in ZnGeAs2 and representative va-
cancy defects, where we solved the positron state and con-
structed the electron density of the wave function of the free
atoms, similar to the manner described in Ref. 22. The re-
sults of the calculations show that Co decoration of the As
vacancy indeed produces a higher W parameter than Mn
decoration.

At this point it is worth considering that the lack of
temperature dependence in the positron data could in prin-
ciple be due to the metallic screening by the acceptor centers,
which are responsible for the high p-type conductivity. This
effect of metallic screening has been observed in the binary
counterpart of �Zn,Mn�GeAs2, p-type �Ga,Mn�As, where the
hole concentration was 1020 cm−3 or greater.23 In the present
samples the hole concentration is in the mid-1019 cm−3

range, and hence we find that the lack of temperature depen-
dence in the positron data indicates that the observed vacan-
cies are in the neutral charge state, giving further support to
our interpretation of the higher lifetime component being due

FIG. 2. W vs S parameter obtained for Zn1−x�Mn,Co�xGeAs2 mixed crystals
with different TM ion content x �shown in labels�.

FIG. 3. The W �circles� and S �squares� parameters plotted as a function of
the average positron lifetime �av for Mn �closed symbols� and Co �open
symbols� alloyed Zn1−x�Mn,Co�xGeAs2 samples.
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to As vacancies. As the samples are quite highly p-type and
the formation enthalpy of negatively charged defects is high
due to the Fermi energy being close to the valence band
maximum and cation vacancies in compound semiconduc-
tors have a tendency to be acceptorlike �negatively charged�,
we note that it is rather natural to find neutrally charged
donorlike As vacancies in ZnGeAs2. It is interesting that no
traces of As vacancies were found in the above-mentioned
�Ga,Mn�As in a wide range of Mn content, but only Ga va-
cancies, which should not be easily formed in p-type mate-
rial, were observed. The explanation for this apparent dis-
crepancy is probably in the growth method of the �Ga,Mn�As
samples: they were grown by As-rich low temperature mo-
lecular beam epitaxy �LT-MBE�, where the formation of As
vacancies is suppressed and that of Ga vacancies enhanced.
In fact, instead of As vacancies, As antisite defects are abun-
dant in LT-MBE GaAs.

We want to emphasize here that no other open volume
defects than As vacancies were observed in the
Zn1−x�Mn,Co�xGeAs2 samples studied in this work. If cation
vacancies were present, they probably would be in the nega-
tive charge state and would be much more attractive trapping
centers for positrons than the neutral As vacancy complexes,
especially at low temperatures. However, no trace of nega-
tive defects, or vacancy defects of cation vacancy size, could
be observed. In addition, the trapping of positrons to the
observed As vacancies is not in saturation, an effect that
could prevent �if present� the observation of other defects.
Hence the p-type conductivity of the material cannot be ex-
plained by the Zn or Ge vacancies, which have been pro-
posed to act as shallow acceptor dopants.24

The concentrations of the As vacancies in the samples
can be estimated from the experimental data, assuming a
positron trapping coefficient, �V, around 1�1015 s−1, the
value typical of neutral vacancies,18 as �VAs�=Nat

��V
−1�B

−1��av−�B� / ��D−�av�, where �D=�2 and Nat=4.2
�1022 cm−3 is the atomic density of ZnGeAs2. This results
in �VAs� value around 2�1016 cm−3 in the samples with 5%
of TM alloying element and �VAs�=2�1017 cm−3 in the
polycrystalline samples with 8% and 18% of Mn. It is worth
noting that the vacancy concentrations are very likely to be
the same in the samples with 5% of Mn and Co. The 5 ps
difference in the average lifetime originates from the 15 ps
difference in the second lifetime components, the intensities
of which are about 35% in both samples �see Table II�. There
is no appreciable difference in the defect concentrations be-
tween the two polycrystalline samples, where the intensities
of the second lifetime components are both about 50%.
Hence, it seems that the concentration of the neutral As va-
cancies is determined by the crystalline quality rather than by
the TM content. It suggests that the As vacancies could be
preferentially formed at grain boundaries, as their concentra-
tions are clearly higher in the polycrystalline than in the
monocrystalline samples.

The comparison of the concentrations of the neutral As
vacancy complexes to the carrier �hole� concentrations in
Table I shows that these complexes are not efficient compen-
sating centers because their concentrations are more than two
orders of magnitude lower than those of the carriers in the

single crystals and in the polycrystalline samples. In addi-
tion, as they are neutral, the As vacancy complexes are not
likely to act as efficient scattering centers for carriers and are
not responsible for the reduction of the mobility in the poly-
crystalline samples. The decrease in the mobility in the poly-
crystalline samples is probably related to the carrier scatter-
ing at grain boundaries. It should be noted, though, that the
detection of positively charged defects—including positively
charged As vacancies that are likely to exist in p-type
material—is not possible using positrons. Hence the possi-
bility of these defects affecting significantly the carrier con-
centration and mobility cannot be excluded.

V. SUMMARY

We have performed studies of vacancy type defects in
Zn1−x�Mn,Co�xGeAs2 mixed crystals grown by the direct fu-
sion method. Basic characterization showed that we have
obtained both mono- and polycrystalline p-type conductive
samples with substitutional ion composition, x, ranging from
0.052 up to 0.182. By comparison to well-known results in
GaAs we interpret results obtained with the positron annihi-
lation spectroscopy as neutral As vacancies being present in
all the studied samples. The results further suggest that the
As vacancies are complexed with the TM alloying elements.
No traces of other vacancy defects, especially in the cation-
sublattice, could be found. We determined experimentally the
positron lifetime in the ZnGeAs2 lattice to be �B

=220–230 ps and �As=300�10 ps in the neutral As va-
cancy. Our results also show that the p-type conductivity in
the samples is not due to cation vacancies, and must be re-
lated to other characteristics—possibly another kind of
nonstoichiometry—of the crystal lattice. The neutral As va-
cancy complexes were found to be present at relatively low
concentrations and they cannot be responsible for the com-
pensation of the p-type conductivity or the reduction of mo-
bility in the Zn1−x�Mn,Co�xGeAs2 samples.

ACKNOWLEDGMENTS

The authors would like to thank Dr M. Górska and Pro-
fessor B. Anderson for helpful discussions. This work was
partially supported by the Academy of Finland and by RFFI,
project # 08-03-90006.

1S. A. Wolf, A. Y. Chtchelkanova, and D. M. Treger, IBM J. Res. Dev. 50,
101 �2006�.

2J. Kossut and W. Dobrowolski, Handbook of Magnetic Materials �North-
Holland, Amsterdam, 1993�, Vol. 7, pp. 231–305.

3W. Dobrowolski, J. Kossut, and T. Story, Handbook of Magnetic Materials
�Elsevier, New York, 2003�, Vol. 15, Chaps. II–VI and IV–VI, pp. 289–
377.

4F. Matsukura, H. Ohno, and T. Dietl, Handbook of Magnetic Materials
�Elsevier, Amsterdam, 2002�, Vol. 14, Chaps. III–V, pp. 1–87.

5K. Y. Wang, R. P. Campion, K. W. Edmonds, M. Sawicki, T. Dietl, C. T.
Foxon, and B. L. Gallagher, AIP Conf. Proc. 772, 333 �2005�.

6G. A. Medvedkin, T. Ishibashi, T. Nishi, K. Hayata, Y. Hasegawa, and K.
Sato, Jpn. J. Appl. Phys., Part 2 39, L949 �2000�.

7S. Choi, G. B. Cha, S. C. Hong, S. Cho, Y. Kim, J. B. Ketterson, S. Y.
Jeong, and G. C. Yi, Solid State Commun. 122, 165 �2002�.

8S. Choi, J. Choi, S. C. Hong, S. Cho, Y. Kim, and J. B. Ketterson, J.
Korean Phys. Soc. 42, 739 �2003�.

9C. K. Sinclair, in Proceedings of the 8th International Symposium on High
Energy Spin Physics, edited by K. J. Heller �AIP, New York, 2000�, pp.

013524-5 Kilanski et al. J. Appl. Phys. 106, 013524 �2009�

http://dx.doi.org/10.1063/1.1994124
http://dx.doi.org/10.1143/JJAP.39.L949
http://dx.doi.org/10.1016/S0038-1098(02)00094-7


65–68.
10D. S. Chemla, Phys. Rev. Lett. 26, 1441 �1971�.
11G. S. Solomon, M. L. Timmons, and J. B. Posthill, J. Appl. Phys. 65, 1952

�1989�.
12A. Janotti, S. Wei, S. B. Zhang, and S. Kurtz, Phys. Rev. B 63, 195210

�2001�.
13L. I. Koroleva, W. J. Pawlow, D. M. Zascirinskij, S. F. Marenkin, S. A.

Varniavskii, R. Szymczak, W. Dobrowolski, and L. Kilanski, Fiz. Tverd.
Tela �St. Petersburg� 49, 2022 �2007�.

14T. Dietl, J. Phys.: Condens. Matter 19, 165204 �2007�.
15V. M. Novotortsev, S. F. Marenkin, S. A. Varnavskii, L. I. Koroleva, T. A.

Kupriyanova, R. Szymczak, L. Kilanski, and B. Krzymanska, Russ. J.
Inorg. Chem. 53, 28 �2008�.

16K. Saarinen, P. Hautojärvi, and C. Corbel, Identification of Defects in
Semiconductors and Semimetals �Academic, New York, 1998�, pp. 209–
285.

17F. Tuomisto, V. Ranki, K. Saarinen, and D. C. Look, Phys. Rev. Lett. 91,
205502 �2003�.

18K. Saarinen, P. Hautojärvi, P. Lanki, and C. Corbel, Phys. Rev. B 44,
10585 �1991�.

19F. Tuomisto, K. Saarinen, D. C. Look, and G. C. Farlow, Phys. Rev. B 72,
085206 �2005�.

20F. Tuomisto, V. Ranki, D. C. Look, and G. C. Farlow, Phys. Rev. B 76,
165207 �2007�.

21V. Ranki, A. Pelli, and K. Saarinen, Phys. Rev. B 69, 115205 �2004�.
22M. Hakala, M. J. Puska, and R. M. Nieminen, Phys. Rev. B 57, 7621

�1998�.
23F. Tuomisto, K. Pennanen, K. Saarinen, and J. Sadowski, Phys. Rev. Lett.

93, 055505 �2004�.
24B. Mercey, D. Chippaux, J. Vizot, and A. Deschanvres, J. Phys. Chem.

Solids 47, 37 �1986�.

013524-6 Kilanski et al. J. Appl. Phys. 106, 013524 �2009�

http://dx.doi.org/10.1103/PhysRevLett.26.1441
http://dx.doi.org/10.1063/1.342884
http://dx.doi.org/10.1103/PhysRevB.63.195210
http://dx.doi.org/10.1088/0953-8984/19/16/165204
http://dx.doi.org/10.1103/PhysRevLett.91.205502
http://dx.doi.org/10.1103/PhysRevB.44.10585
http://dx.doi.org/10.1103/PhysRevB.72.085206
http://dx.doi.org/10.1103/PhysRevB.76.165207
http://dx.doi.org/10.1103/PhysRevB.69.115205
http://dx.doi.org/10.1103/PhysRevB.57.7621
http://dx.doi.org/10.1103/PhysRevLett.93.055505
http://dx.doi.org/10.1016/0022-3697(86)90174-5
http://dx.doi.org/10.1016/0022-3697(86)90174-5

