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a b s t r a c t
Diluted magnetic semiconductors (DMS) that exhibit ferromagnetism at room temperature (RTFM) are
central for the development of semiconductor spintronics. According to theoretical predictions
transition metal (TM)-doped AIIBIVCV
2 chalcopyrite are promising compounds for such applications. In
addition to other semiconductors, they also open the opportunity to combine the observed RTFM with
their excellent nonlinear optical properties, resulting into a new class of device structures for nonlinear
optics and spintronics applications. These ternary compound semiconductors have two metal sites A
and B that can be substituted by the TMs. A site preference for TM incorporation is crucial for the
possible explanation of ferromagnetism since dependent on the TM valence state holes or electrons can
be released. The magnetic resonance studies of native defects and their transition energies, EPR
investigations of isolated TMs on the two different cation lattice sites, on exchanged coupled pairs as
well as the interaction of TMs with native defects will be critically reviewed and the experimental
results obtained are compared with theoretical predictions.
& 2009 Elsevier B.V. All rights reserved.

1. Introduction
The AIIBIVCV
2 compounds (A = Zn, Cd, B=Ge, Si, C= P, As) are
ternary compounds that crystallize in the tetragonal chalcopyrite
structure and were studied in the last two decades mainly
for their potential as nonlinear optical (NLO) materials for
frequency conversion applications like infrared optical parametric
oscillator (OPO) laser systems [1,2]. ZnGeP2 and CdGeAs2 are
ideal candidates for NLO applications, because they have high
nonlinear optical coefﬁcient combined with adequate birefringence for phase matching. Native point defects play an important
role in their efﬁciency for frequency conversion applications,
because defect-induced bands reduce the output power of such
devices.
The importance of the ternary pnictides became even more
eminent with the discovery of room-temperature ferromagnetism
(RTFM) in highly Mn-doped semiconducting CdGeP2 [3], ZnGeP2
[4] and other pnictides, because semiconductors that exhibit
room-temperature ferromagnetism (RTFM) are central to the
development of semiconductor spintronics. The existence of RTFM
is also predicted for other transition metals. At variance with
other semiconductors the pnictides open in addition the possibility to combine the observed RTFM with their excellent nonlinear
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optical properties, resulting in a new class of material for
nonlinear optics and spintronics applications. However, like for
other diluted magnetic semiconductors, the origin of the RTFM is
still not settled and different models are discussed. A unique
explanation of the microscopic origin of the detected FM in the
various compounds doped with different TMs can only be
accomplished by an efﬁcient combination of various experimental
techniques and current state-of-the art theoretical methods. To
decide between the different theoretical predictions speciﬁcally
detailed knowledge concerning the incorporation of TM in
the different charge states at different lattice sites and the
TM-induced local change of the free parameter xf of the
chalcopyrite structure are necessary. Such data can be obtained
in a unique way by magnetic resonance methods, especially by
electron paramagnetic resonance (EPR) and by photo-EPR measurements. These methods particularly address the site selection
of the doping atoms and their interaction with each other, with
other defects both intrinsic and induced by strong TM doping and
with free carriers. Photo-EPR delivers data on the position of the
various charge states of the different native defects and TMs. For
the ternary compounds there are two metallic sites A (group II)
and B (group IV) that can be substituted by a TM ion. A site
preference of TM ions to the group II or group IV site is crucial for
a potential realization of FM since it depends on the valence state
of the TM whether holes or electrons are released [5,6].
In this article the results obtained by magnetic resonance
methods on the structure of native defects and their transition
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energies, EPR studies of isolated TMs and of exchanged coupled
pairs as well as the interaction of TMs with native defects will be
critically reviewed. The experimental results are compared with
theoretical predictions.

2. Native defects
The atomistic and geometric structures of native defects have
been investigated in detail only for ZnGeP2, ZnSiP2, and CdGeAs2
so far. Five different native defects have been identiﬁed for ZnGeP2
using EPR, ENDOR, and optically activated EPR [7–13]. Highquality single crystals optimized for the nonlinear optical
applications mentioned above are commonly grown by the
horizontal gradient freeze (HGF) technique. Available crystals
contain large concentrations of native defects and are always
p-type despite heavy compensation. These defects are mainly
responsible for the unwanted absorption band from the fundamental edge near 625 nm up to 2.5 mm. The contribution of the
dominant native defects to the optical absorption of ZnGeP2
crystals were studied by correlating the concentration of the
different centers with parts of the absorption band, by photo-EPR
investigations and more directly by magnetic resonance experiments detecting magnetic circular dichroism (MCD). The corresponding results are brieﬂy reviewed in [14].
The dominating defect in as-grown ZnGeP2 is the VZn acceptor
[7,8], which is EPR active in the single negative charge state. The
EPR spectrum shows four defect orientations, each identiﬁed by
the dominant HF interaction with only two of the four surrounding P ligands (Fig. 1). Under optical activation of the samples,
two compensating donors have been found. These have been
attributed to the neutral phosphorus vacancy (V0P) [9] and the
+
) [10]. However,
singly charged germanium anti-site defect (GeZn
there exists no unambiguous proof for this assignment, because
the large linewidth of the EPR transitions prevent the resolution of
the HF interaction with the surrounding ligands. In earlier EPR
studies of ZnGeP2 and CdSiP2 samples grown by gas phase
transport, the phosphorus anti-site defect P0Ge (PP4-defect) on
group IV site was detected [11]. This spectrum exhibits a
dominating HF interaction of the unpaired spin with the central
31
P nucleus (I =1/2,100%, abundance) and a weaker HF interaction
with all four surrounding P ligands. This defect is not discovered
in HGF crystals grown under standard conditions. The germanium
vacancy (VGe) was detected only in electron-irradiated samples

Fig. 1. Angular dependence of the electron transition  1/22+ 1/2 for the four

defect orientations of the negatively charged zinc vacancy VZn
in ZnGeP2 by
rotation of the magnetic ﬁeld B around the a-axis in the Q-band at 25 K. The two
degenerated lines in the middle of the spectrum are split by a small misorientation
of the a-axis.

4943

[13,15]. The essential feature of this centre, which is difﬁcult to
verify in the X-band because of the strong overlapping with the
EPR spectra caused by the zinc vacancy and the germanium antisite, are a resolved hyperﬁne structure for BJc with a ﬁve-line
spectrum with intensities in the ratio 1:4:6:4:1. This structure
could be explained by the ligand HF interaction with four
equivalent 31P neighbors [13,15]. The recharging levels of some
native defects were determined by photo-EPR [13,15,16] and
optically detected magnetic resonance (ODMR) measurements
[17]. It is important to emphasize that the determined energies
are not the thermal ones but the optical threshold energies that
differ by the Frank–Condon energy. In combination with the
complementary photo-EPR investigations the ODMR measurements also reveal the contribution of the three main defects,
namely the GeZn anti-site defect, the zinc and phosphorus
vacancies to the broad absorption band. For a detailed consideration of the contribution of various deep native defects to the
absorption and the different transitions observed in photo-EPR
and ODMR, it must be taken into account that the deep levels are
substantially split as a result of the low point symmetry and
the anisotropy of the chemical bonding, and that the ﬁrst
intensive optical transition can occur from states located deep in
the Brillouin zone rather than from the top of the valence band to
the deep level of defects [18]. Photo-EPR and annealing
experiments have shown that the commonly used reduction of
the unwanted absorption by high-energy electron irradiation of
the crystals is caused by recharging of the singly negative charged

to the diamagnetic charge state V2Zn [15]. EPR
zinc vacancy VZn

,
spectra of ZnSiP2 exhibit the ﬁngerprints of the zinc vacancy VZn
0
+
the phosphorus vacancy Vp and the silicon anti-site SiZn [19].
First-principle calculations of the formation energies and the

and
energy levels in ZnGeP2 were presented recently for the VZn
the VGe cation vacancies, ZnGe and GeZn anti-sites [20] and for
the phosphorus vacancy VP [21]. The donor (GeZn) and the
acceptor (VZn, VGe, ZnGe) character of the native defects and the
position of VP+ /0 and Ge2Zn+ / + in the band gap are in fair agreement
with the experimental results obtained by photo-EPR. A close
association of the dominant VZn acceptor and the GeZn donor is
suggested. However, there is a discrepancy between the theoretical and experimental values concerning the zinc acceptor level
V2Zn /  . While the theory [20] predicts the V2Zn /  charge transfer
level to be 0.46 eV above the valence band, a value of 1.02 eV
below the conduction band was derived from the experimental
data [16]. This value is the optical threshold energy which is

EPR
obtained from the photo-induced generation of the VZn
spectrum for electron-irradiated samples with the Fermi level
above the recharging level V2Zn /  [15]. Illumination of these
samples with infrared light above the threshold of 1.02 eV
+
-related EPR signals. The
generates simultaneously the GeZn
observed process was interpreted as direct electron excitation
from the doubly negative charged zinc vacancy (V2Zn ) to the
conduction band followed by partly trapping of the photo-induced
electrons in Ge2Zn+ anti-sites recharging these to the paramagnetic
+
[15]. Neglecting the Frank–Condon shift this
state GeZn
interpretation places the V2Zn /  level at 1.15 eV above the VBM.
The disagreement with the theoretical value is essentially
removed if a direct transfer of electrons indicated from V2Zn to
Ge2Zn+ is assumed for the observed optical quenching and
activation of the EPR signals rather than a process via the
valence band [20]. This possibility was primarily excluded by
some reasons, because above all a much stronger photo-induced

signal intensity compared to the corresponding
increase of the VZn
+
one for GeZn was observed [13,15]. In addition, the photo-crosssection seems too large for a direct transfer of electrons from V2Zn
to Ge2Zn+ . However, the assumption that the 1.02 eV threshold
corresponds to a direct transition from the V2Zn to the Ge2Zn+ level
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would also explain the detected difference in the spectral
dependence of the ODMR signals with the photo-EPR results


MCD–EPR signal interpreted as VZn
[17], because the VZn
0

VZn + eCB transition was only detected above 1.6 eV. If the
theoretical predictions turn out to be true, this result suggests
close association of GeZn anti-sites with VZn vacancies. Another
disagreement between theory and experiment is the fact that the

and
defect wave functions of the unpaired electron of both VZn
+
GeZn are predicted to be spread equally over the four neighboring
P ions [20], whereas EPR and ENDOR data indicate only a
localization, each with two of the four nearest neighboring
P ions [7,8] for the four defect orientations (see e.g. Fig. 1).
Very recently a Jahn–Teller distortion was discussed; this can
explain the localization of the defect wave function only on two P
ions [22].
Further theoretical and experimental works in combination
with optical and electrical studies are necessary to ﬁnally clarify
the discussed discrepancies in the level positions and the
distribution of the calculated wave function. Moreover, advanced
magnetic resonance experiments are required for an unambiguous identiﬁcation and a detailed investigation of the properties
of the native defects and defect complexes as well as to check the
suggestion that some observed centers are not isolated centers
but pairs or larger complexes.
We made some attempts to resolve unequivocally the nature of
the dominant intrinsic defects and defect complexes in ZnGeP2
with samples from different sources. An unambiguous proof,
however, like for the PP4-center seems only possible by resolution
of additional hyperﬁne interactions. Though, without applying
isotope-enriched Zn and Ge during the growth of ZnGeP2, this can
hardly be achieved due to the small natural abundance (n. a.)
of Zn and Ge ions with nuclear spin (67Zn, I =5/2, n. a. 4.1%; 73Ge,
I= 9/2, n. a. 7.8%).
Only one native defect EPR signal has been observed so far in
CdGeAs2, the material with the highest NLO coefﬁcient, known for
a phase matchable compound semiconductor [23]. The transparency range of this compound, which has a band-gap energy of
about 0.57 eV (2.2 mm) at RT, extends from about 2.3 mm to
beyond 17 mm. The electrical and optical properties of CdGeAs2 are
strongly affected by the relative concentrations of donors and
acceptors unintentionally introduced during growth. The samples
are usually p-type doped attributed to a shallow acceptor.
Photoluminescence and optical absorption results show that most
bulk CdGeAs2 samples contain two distinct acceptors and one
donor [24]. The shallow acceptor is located at about 0.12 eV and
the deep acceptor at 0.26 eV each above the valence band
maximum. The shallow donor is found at 14 meV below the
conduction band [25]. The EPR signal was found to be correlated
with the shallow acceptor and to have a (not well-resolved) HF
splitting best simulated with two Cd and two Ge neighbors and
thus identiﬁed with an acceptor on the As site. The GeAs anti-sites
was proposed as a possible model for this shallow acceptor
[26,27], rather than the alternative acceptors VCd and VGe, but
impurities such as SiAs or CAs could not be ruled out. Very recently,
ﬁrst-principle results were presented for various native defects in
CdGeAs2. The defect formation energies and the transition
energies of the vacancies VCd, VGe, and VAs, and anti-sites GeCd,
CdGe, GeAs, and AsGe were calculated [28]. Among the three
shallow acceptors (VCd, CdGe, GeAs) the lowest energy of formation
is found for CdGe, but only the GeAs anti-sites, which has
experimentally been correlated with the observed EPR spectrum,
is expected to be EPR active. No native defects identiﬁed could
correlate with the experimentally observed deep acceptor and
shallow donors. Therefore, it is suggested by the authors, in
contrast to what is believed up to now, that both have their origins
in impurities [28].

3. Transition metal-doped AIIBIVCV
2 semiconductors
As mentioned above, the renewed interest of the investigation
of TMs in the II–IV–V2 compounds arises mainly from predictions
that they can exhibit charge-mediated FM above RT. These
compounds were surveyed recently in a ﬁrst principles calculation
study [29]. In fact FM at or above RT was recently observed in
some highly Mn-doped AIIBIVCV
2 semiconductors of chalcopyrite
structure. These are CdGeP2 [3], ZnGeP2 [30,31], ZnSnAs2 [32],
CdGeAs2 [34], and ZnGeAs2 [33,35], in which a Curie temperature
of TC =367 K was observed [35], to date the highest TC in Mndoped II–IV–V2 compounds. FM above RT is also predicted for
other TMs in these compounds [36–38], though up to now, no
experimental data exist. Like in other diluted semiconductors
(DMS), e.g. GaN and ZnO, the FM can be veriﬁed by the
corresponding magnetization curves measured by sensitive
methods like SQUID measurements. However, the microscopic
mechanisms behind the FM are still unclear, because these
techniques cannot differentiate between the competing exchange
mechanisms in DMSs. Moreover, ferromagnetic clusters, precipitates or secondary phases embedded in the paramagnetic host
lattice that are below the detection limit of X-rays diffraction
(XRD) and other methods, can be responsible for the observed
magnetic properties.
TM-induced FM in ternary compounds is more complex than in
the binary III–V and II–VI compounds because of the two metallic
sites A (group II site) and B (group IV site) that can be substituted
by a TM ion. A site preference of TM ions is crucial for a potential
realization of FM since substitutions on lower valence states
generate donors, whereas substitutions on higher valence states
generate acceptors. However, there are only a few experimental
results concerning the site preference and the valence states of
TMs or their interaction with native defects in these compounds
[6,14,19,38]. Interesting results on Fe- and Cr-related defects in
ZnGeP2 were obtained very recently [6]. Moreover, incorporation
of TMs into ternary compounds can locally change the
free parameter xf of the chalcopyrite structure [38], which again
can affect the formation of magnetic states. Another point is
that FM can be caused by small undetected magnetic inclusions.
For instance, the FM of Mn-doped ZnGeP2 reported by Cho et al.
[32] was later attributed to a MnP phase [39] on the basis of
nuclear magnetic resonance (NMR) studies of similar crystals.
Here, no evidence of Mn incorporated on Zn site was found
[39]. However, the samples were not tested by EPR, which is
more sensitive to Mn2 + . These ambivalent and incomplete
results emphasize the great importance of both careful material
preparation and thorough studies of the compounds applying
various complementary techniques in order to distinguish
between individual contributions to the observed magnetic
behavior.
In the context of chalcopyrite, the DFT approach has been
successfully used to explain RTFM found in Mn-doped CdGeP2
taking into account intrinsic low-energy defects [5]. However, so
far there has not been any experimental proof of the proposed
model that assumes the incorporation of Mn on Ge site and a
coupling established by holes originating from the Mn center and
native defects. The formation of native defects is discussed
because theoretical considerations suggest that the FM originates
from the interaction of Mn centers with hole-generating native
defects of the non-stoichiometric (Zn,Ge,Mn)GeP2 compound
[5,37].
There are only few experimental studies concerning the site
preference and valence state of various TMs and their interaction
with native defects in these compounds. The EPR results
published until 2003 were reviewed [14]. Besides isolated Mn2 +
on group II site in II–IV–V2 compounds, only the incorporation of
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Fe in CdSiP2 has been investigated until this time [14]. In addition,
new results were published on native and Fe-related defects in
ZnSiP2, Mn-related defects in ZnGeP2, and for the ﬁrst time on
anti-ferromagnetically coupled Mn–Mn pairs in ZnGeP2 [14].
Later, Cu2Zn+ in ZnGeP2 [40] and Cr2 + and Cr4 + in CdGeAs2 were
detected [41] and ﬁrst ENDOR results on isolated Mn2 + ions on A
sites in ZnGeP2 [42] and CdGeAs2 [43] were published. Studies on
Fe and Cr on Zn and Ge sites in ZnGeP2 were done very recently
[6]. The data are reviewed brieﬂy. For very low Mn concentration,
the substitution of Mn2 + (A0) on A sites was studied for CdGeP2,
CdSiP2, ZnSiP2, ZnGeP2, and ZnSiAs2 by EPR [11,44]. Very similar
spectra were found for all investigated chalcopyrite. The spectra
have axial symmetry with respect to the tetragonal axis (c-axis) of
the lattice. According to the electron spin S= 5/2, ﬁve ﬁnestructure lines are detected, each being a sextet typical for the
hyperﬁne (HF) structure of 55Mn (I= 5/2). The HF constant A is
isotropic within the experimental error and its value varies only
slightly and is close to that in GaP and GaAs. This observation
suggests a similar transfer of the two Mn electrons participating in
the bonding to the four neighboring anions (phosphorus, arsenic)
in all compounds [14]. In agreement with the observed small
linewidth of the EPR signals [11,38,44] ENDOR measurements of
isolated Mn2 + ions in ZnGeP2 [42] and CdGeAs2 [43] reveal very
small HF constants for the neighboring 31P and 75As nuclei
indicating a strong localization of the Mn wave function. Principle
values and principle-axes directions for three sets of neighboring
31
P nuclei were obtained [42]. In the case of CdGeAs2 HF
interaction with one set of Cd neighbors and two sets of As
neighbors were measured [43]. Besides, the parameters for the
Mn–HF and quadrupol interaction were determined with high
precision in both cases. We note that for all investigated II–IV–V2
compounds the zero-ﬁeld splitting parameter D for Mn2 + has a
positive sign when Mn2 + replaces a Cd2 + (CdSiP2, CdGeP2) and a
negative sign when the Mn2 + replaces a Zn2 + (ZnSiP2, ZnGeP2,
ZnSiAs2).
There is another peculiarity concerning the formation of
different magnetic states upon TM doping in II–IV–V2 compounds.
The incorporation of TM potentially can change the so-called free
parameter xf of the chalcopyrite structure, which again may affect
the formation of particular magnetic states (ferromagnetic, antiferromagnetic, and glass-like) [45]. Due to the spatial displacement of anions by xf  1/4 from their ideal position xf = 1/4 for
c/2a = 1, there are always two crystallographically equivalent
though magnetically nonequivalent sites each for both cations in
the unit cell of ternary compounds crystallizing in the chalcopyrite structure. Both sites resulting from the clockwise and anticlockwise rotation of the anion tetrahedron around the c-axis by a
tilting angle 7 t can be distinguished for EPR centers with SZ2
substituted on the cation sites. Therefore, the TM-induced local
change of the free parameter can be determined [11,14,38]. This
was done for Mn2 + on Zn sites in ZnGeP2 [38,42] and ZnSiP2 [11]
as well as for Fe3 + on Ge4 + site in ZnGeP2 [6]. The free parameter
of ZnGeP2 has a RT value of xf = 0.2582, which corresponds to a
tilting angle of tZn =  0.91. The substitution of Mn on Zn site
causes a strong local distortion and therefore the tilting angle
increases for the MnP4 unit to |tMn|= 5.51 [38], |tMn| = 5.61 [42].
Similar values for tMn were obtained for Mn on Zn site in ZnSiP2.
While the X-ray data for the undistorted crystal yield tZn =  1.91
the Mn-induced tilting angle was determined to be |tMn| = 5.91
[38]. The largest value was obtained for Fe3 + on Ge4 + with
|tMn| =7.61 in ZnGeP2 [6]. The splitting behavior is shown in Fig. 2.
The changes of the free parameter xf (tilting angle t) are
connected with corresponding changes of the bonding lengths
and bonding angles. To determine these changes with an
alternative method, extended X-ray absorption ﬁne-structure
spectroscopy (EXAFS) studies of Mn-doped ZnGeP2 were done at
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Fig. 2. Experimental splitting (K) of the Fe3Ge+ ﬁne structure lines  3/22 1/2 for
ZnGeP2 by rotation of the magnetic ﬁeld B around the c-axis obtained at 34 GHz
and T =30 K. The solid lines are calculated by exact diagonalization of the SH (1)
given in [38].

the HASYLAB (DESY, Hamburg). The analysis of the experimental
data in both the XANES (X-ray absorption near-edge spectroscopy)
and EXAFS range indicate that the Mn ions substitute on cationic
sites in the ZnGeP2 lattice. However, it was impossible to
discriminate between MnZn and MnGe sites due to similar
photoelectron scattering amplitudes of Zn and Ge ions in the
second coordination shell of the Mn ions. The Mn–P nearest
neighbor distance was found to be 3% longer than the Zn–P bond
length [46].
Although there are several microscopic mechanisms that
contribute to the zero-ﬁeld splitting of 3d5 ions in crystals, the
spin-orbit mechanism is regarded as the dominant one. There are
some theoretical attempts to explain the magnitude and sign of
the zero-ﬁeld splitting D of d5 ions in different host crystals
[47,48]. Assuming that the dominating contribution is given by
the spin-orbit mechanism higher order perturbation formula for
different symmetries were derived, which give D (and also the
spin-lattice coefﬁcient G11 and G44) as a function of the exciting
energy levels 4P, 4D, and 4G relative to the 6S ground state, as
expressed in terms of the Racah parameter B and C, the spin-orbit
coupling constant x and the corresponding crystal-ﬁeld parameters Bkl [47]. These parameters Bkl are dependent on the local
relaxation of the d5 environment and can be expressed within the
framework of the superposition model by intrinsic crystal-ﬁeld
parameters and functions of the angles between the impurity
ligand bonding and the crystal axes [48]. For instance, from the
deviation of the calculated and experimental D values for Mn2 + ,
Fe3 + in hexagonal GaN [49,50], and Fe3 + in ZnO [51] a
displacement of the d5 ion from the corresponding cation site
was calculated. In the case of the chalcopyrite with tetragonal
symmetry the angle y between the impurity ligand bonding and
the tetragonal axis c, which describes the angular dependence of
the crystal-ﬁeld parameter Bkl, is linked with the free parameter xf
for the group II site and for the group IV site in the host lattice by
the relations [52]
cosðyII Þ ¼ Zð16x2f þ Z2 þ 1Þ1=2 ;
cosðyIV Þ ¼ Z½16ðxf  1=2Þ1=2 þ Z2 þ 11=2 ;
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in which Z = c/2a with the lattice constants a and c of
the chalcopyrite structure. Using these connections Zheng et al.
[53–55] correlate the sign and the magnitude of the ZFS
parameter D and the local tilting angle t for Mn2 + on group II
site in ZnSiP2 and CdSiP2 [53], Fe3 + on Si4 + site in CdSiP2 [54] as
well as very recently for Mn2 + on group II site in ZnGeP2 and
CdGeP2 [55]. The carried out ﬁtting of D with the local angle t
seemingly produced excellent agreement, but doubt was raised
after further examinations. The reason is that in addition to the
general restriction of the computation some necessary parameters
for the calculation of D were used that were obtained by some
crude approaches as the corresponding optical data are missing.
For instance, a perfect agreement between the calculated and
experimental D values was obtained for ZnSiP2:Mn2 + using the
experimental angle tMn and the relation between the spin-lattice
coefﬁcient G11 and D with the derived parameters [53]. However,
large deviation results with the same parameters if, like in [54,55],
the fourth-order perturbation formula for D is employed. Moreover, it is overlooked erroneously that from the line position of the
EPR transitions the sign of the tilting angle t cannot be
determined [38]. Besides, the calculations contain some numerical errors. The excellent agreement of the calculated and
experimental D values for ZnGeP2:Mn2 + [55] using tMn = 5.61
+
= 53.41.
[38,42] was obtained with a wrong local angle y2Mn
Regardless of these objections, the presented approach is a ﬁrst
step to understand the dependence of the magnitude and sign of
the zero-ﬁeld splitting parameter D on the TM-induced local
change of the local environment. A more detailed description has
to prove the validity of the formula for the calculation of the
local angle yTM from the free parameter xf and include not only
the nearest neighbors but also the relaxation of further
ligand shells. An independent determination of the local angle
yTM would be helpful for a more complete description of the local
distortion. From ENDOR measurements we can obtain the
orientation of the main axes for the ligands HF interaction.
Unfortunately, these axes are in general not identical to the
impurity ligand bonding axes.
Besides isolated Mn2 + , three other Mn-related defects have
been identiﬁed in ZnGeP2: a nearly isotropic Mn center with a 12%
larger HF splitting, a strong axially distorted Mn2 + center
(probably caused by an associated nearest neighbor zinc vacancy)
and a broad line assigned to a pair of Mn2Zn+ –Mn2Zn+ ions coupled by
exchange interaction [14]. The temperature dependence of the
broad line shows the typical behavior of an anti-ferromagnetically
exchange coupled Mn2 + –Mn2 + pair. The temperature behavior is
the result of the thermal population of the spin multiplets formed
by a pair of S1 = S2 = 5/2 spins, which are split according to the spinHamiltonian (SH) H= –2J12S1S2. For the isotropic Heisenberg
exchange a value of J12I10 cm  1 was obtained [14]. The
formation of anti-ferromagnetically coupled Mn2Zn+ –Mn2Zn+ pairs
was conﬁrmed by the detection of the different transitions within
the spin multiples having total spins S= 1, 2, 3, 4, 5 and their
characteristic hyperﬁne structure in high-quality Mn-doped
ZnGeP2 crystals that is produced by the interaction of two 55Mn
nuclei with I= 5/2 [6]. The characteristic HF splitting in 11
hyperﬁne lines with the intensity ratio 1:2:3:4:5:6:5:4:3:2:1
and the half hyperﬁne splitting observed for isolated Mn2 + on Zn
site is shown in Fig. 3.
Systematic ab-initio calculations of the energy difference
between ferromagnetic and anti-ferromagnetic spin arrangements of near neighbor Mn ions are used to investigate the
magnetic properties of doped CdGeP2, ZnGeP2, ZnGeAs2, ZnSnP2,
and ZnSnAs2 [56]. While for MnII–MnII pairs a strong preference
for anti-ferromagnetic interactions is predicted, the other pairings
MnII–MnIV and MnIV–MnIV are ferromagnetic for all compounds
except CdGeP2 [56]. Similar results were obtained for Mn-doped

Fig. 3. Resolved HF interaction for the Mn2Zn+ -Mn2Zn+ pairs in ZnGeP2 for BJ[11 0] at
5 K for the transition  120 of the spin state S= 1, which is partly overlapped with
a transition within the spin state S= 2 (a). For the simulated structure (b), the half
HF splitting of the isolated Mn2Zn+ of A =  52.8  10  4 cm  1 and the characteristic
intensity ratio 1:2:3:4:5:6:5:4:3:2:1 of the 11 lines of such pair were used (after
[6]).

ZnGeP2 and ZnGeAs2, whereas CrII-CrII pairs show in agreement
with [36] ferromagnetic behavior [57].
In addition to the described Mn and Fe defects [6,14,38] in
ZnGeP2 with tetragonal symmetry, we also observed weak Mn and
Fe resonances, which are associated with defects of lower
symmetry, probably in conjunction with native defects. However,
the strong overlap of the different Mn-induced EPR spectra and
the overlap of the various complicated Fe spectra together with
the low intensity of the low-symmetry spectra have so far
prevented a complete analysis.
In a recent EPR study on exchange interactions of Mn ions in
CdGeAs2 doped with 6% Mn, two types of Mn ions were discussed
occupying the Cd site (Mn2Cd+ ) and the Ge4 + site (MnGe). According
to the given interpretation they form Mn2 + (S= 5/2) complexes
with two heavy holes (S= 3/2 each) of the valence band with a
resulting spin S = 1/2 [58]. In fact, no evidence was found in the
doped bulk crystals suggesting Mn4 + substitution on Ge4 + site. In
contrast, EPR and ENDOR investigations by Evans et al. [43]
showed no evidence suggesting that Mn4 + ions substitute
for Ge4 + in bulk crystals with a Mn2 + concentration up to
9  1020 cm  3.
Furthermore, there are more four EPR papers on Mn-doped
ZnGeP2 [59–62]. The authors studied (Zn,Mn)GeP2 layers grown
on ZnGeP2 substrate by solid-phase reactions at 400–550 1C. Mn
was introduced by means of in-diffusion. Weak EPR resonances
originating from Mn2 + in the bulk proved that Mn had diffused
into the bulk material [59,60]. A broad line was detected up to
room temperature that was designated tentatively to FMR in the
(Zn,Mn)GeP2 layer [59]. A Curie temperature of TC =318 K was
determined from the temperature dependence of the magnetization observed by SQUID measurements [60]. On the basis of
obvious differences between the spectra of ZnGeP2 samples with
nominal Mn concentrations of 0.2% and 2%, the authors drew the
conclusion of the detection of two types of isolated Mn centers
without thorough analysis. There are no reasons why the ‘‘new’’
spectrum described should be caused by Mn2Ge+ (A2  ) with S= 5/2
from a 6A1 ground state or Mn3Ge+ (A  ) from a 5T2 (5D) with S= 2.
Indeed, the appearance of isolated Mn in different charge states on
Ge site is in accordance with theoretical predictions [5]. However,
the mentioned differences are well-known and in agreement with
a concentration-dependent broadening of the ﬁne-structure lines
(see, e.g. [49]). No details are given concerning the additionally
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observed broad resonance which supposedly shows an anomalously intense dispersion signal. In fact, the presented dispersion
signal exhibits the normal behavior which is detected for a
slightly saturated absorption signals. In summary, these four
papers [59–62] claim to present results that corroborate theoretical predictions. However, under closer investigation those
results turn out to be inconclusive. Lacking a quantitative analysis,
the observed EPR spectra seem to be interpreted in an incorrect
way.
Whereas the incorporation of Fe4 + [63] and Cr4 + [41] on group
IV site of CdSiP2 and CdGeAs2, respectively, has been well-known
for quite a while, the substitution of 3dn ions in ZnGeP2 on group
IV site had not been reported until very recently [6]. Simultaneous
doping of ZnGeP2 by low concentrations of Fe and Cr during the
HGF growth process, results in substitution of Ge4 + by Fe3 + (B  )
and Cr4 + (B0) as well as of Zn2 + by Fe2 + (A0). A photo-induced
recharging of Fe2 + (3d6, 5D, S= 2) to Fe + (3d7, 4A2, S =3/2) is
observed. This shows that the negatively charged acceptor state
Fe + (A  ) sits closely below the CB within the band gap similar to
the one in ZnSiP2 [19], where this defect can be observed without
illumination as the samples are n-type. This makes the discussed
alloys to be potential candidates for electron-mediated FM. The
Cr4 + (3d2, 3A2, S =1) center exhibits a well-resolved phosphorus
ligand hyperﬁne splitting, revealing a signiﬁcant delocalization of
the unpaired spin which is a good condition for hole-mediated
FM. However, neither in low-doped CdGeAs2:Cr [41] nor
ZnGeP2:Cr [6] the theoretical predicted FM [36,57] was detected.
The observed site preference of the TM regarding the group II
and group IV sites depending on its charge state is crucial for a
possible explanation of FM since substitution on lower valence
states generates donors, whereas substitution on higher valence
states generates acceptors. Therefore, only the substitution of the
negatively charged acceptor Fe3Ge+ (B  ) for the higher valence states
Ge4 + is desirable due to releasing of charge carriers (holes), a
precondition for hole-mediated FM.

4. Summary and outlook
The present article discusses the identiﬁcation of native
defects in II–IV–V2 compounds by magnetic resonance methods
(EPR, photo-EPR, ENDOR, ODMR). Data are only available for
ZnGeP2, ZnSiP2, and CdGeAs2 The dominant native defects in
ZnGeP2 and ZnSiP2 are the zinc (VZn) and phosphorus (VP) vacancy
as well as the group IV anti-site defect GeZn(SiZn), which are also
mainly responsible for the observed optical absorption extended
from the fundamental edge up to 2.5 mm. In addition, the Ge
vacancy (VGe) is observed in electron-irradiated ZnGeP2 samples
and the phosphorus anti-site defect PGe (PP4 defect) in ZnGeP2 and
CdSiP2 grown by gas phase transport. The energy level positions of
the observed native defects in ZnGeP2 are determined by photoEPR and MCD-EPR measurements. Good agreement is obtained
with theoretical predictions based on density functional theory.
The theoretical studies suggest a close association between the
dominant acceptors (VZn) and donors (GeZn). But there is up to
now no evidence that some of the observed isolated defects are in
truth pair defects or complexes. The use of samples that are grown
under other conditions and the use of samples with isotopically
enriched cation isotopes should be helpful in order to resolve
unequivocally the nature of the native defects and to detect some
of the up to now unobserved anti-sites defects. Only one native
defect, which is correlated with a shallow acceptor, was found
by EPR for CdGeAs2. This defect is tentatively identiﬁed as GeAs
anti-sites.
Comprehensive insights into the role of TMs for the formation
of FM in AIIBIVCV
2 compounds can be achieved by detailed studies

4947

of their site preference, geometric conﬁgurations and valance
states in dependence on doping concentration and Fermi level.
However, up to now there are apart from Mn only a few data for
other TM (Cu, Fe, Cr) ions. At low concentrations, Mn is
incorporated into ZnGeP2 as isolated Mn2 + on the two magnetically nonequivalent Zn2 + sites. The Mn substitution on Zn site
causes a strong local distortion of the free parameter xf, which
describes the positions of the anions in the chalcopyrite structure.
At higher Mn concentrations, additional resonances show up in
the EPR spectrum. Their origins are a nearly isotropic Mn defect
with larger HF interaction, a Mn defect of monoclinic symmetry,
and Mn2Zn+ –Mn2Zn+ pairs. Possible signals originating from
Mn3 + (B  ) and Mn4 + (B0) on Ge4 + site and their interaction with
native defects are hard to detect due to the strong overlapping of
the different Mn spectra and with the EPR signals from native
defects.
According to the existing theoretical predictions only the
incorporation on group IV sites or the interaction of TMs with
native defects should result in charge-mediated FM. Direct
evidence for the incorporation of TM on group IV site could be
obtained up to now only for CdSiP2: Fe4 + (B0), CdGeAs2: Cr4 + (B0),
ZnGeP2: Fe3 + (B  ) and ZnGeP2: Cr4 + (B0) for low doping
concentrations. In all cases no FM was detected. But, neither the
interaction with native defects nor the doping behaviors for
higher concentrations and for different Fermi levels were
investigated. Consolidated ﬁndings on the role of TMs by the
generation of FM in II–IV–V2 compounds can be expected by
detailed and systematic studies of their site preference as a
function of their concentration and the position of the Fermi level
as well as the study of the pair and small cluster formation for
higher doping concentrations.
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