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Site inequivalence for Mn substitution
on Zn sites in ZnGeP2 and ZnSiP2

www.pss-rapid.com

W. Gehlhoff*,1, D. Azamat**,1, V. G. Voevodin2, and A. Hoffmann1
1
2

Institute for Solid State Physics, Technical University Berlin, 10623 Berlin, Germany
Siberian Physico-Technical Institute, 634050 Tomsk, Russian Federation

Received 9 December 2004, revised 5 January 2005, accepted 6 January 2005
Published online 10 January 2005
PACS 61.72.Ji, 71.55.Ht, 71.70.Gm, 75.50 Pp, 76.30.Fc
*
**

Corresponding author: e-mail gehlhoff@sol.physik.tu-berlin.de, Phone: +49(30) 314 26601, Fax: +49(30) 314 22569
On leave from the Ioffe Physico-Technical Institute, RAS, 194021 St. Petersburg, Russia

The magnetic site-inequivalence of the both Zn sites in
2+
ZnGeP2 (ZnSiP2) could be resolved for MnZn (S = 25 ) by
electron paramagnetic resonance (EPR) measurements. The
EPR spectra are analyzed with the generalized spin Hamilto-

nian (SH) for S4 symmetry. We found that the Mn substitution on Zn site causes a strong local distortion of the free
parameter xf, which describes the positions of the anions in
chalcopyrite structures with c/a ≠ 2.
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1 Introduction The ternary pnictides AIIMIVXV2 have
attracted much interest because of their nonlinear optical
properties [1, 2]. However, the emphatic current interest in
these compounds is mainly connected with the recent discovery of room temperature ferromagnetism (RTFM) in
highly Mn-doped semiconducting CdGeP2 [3], ZnGeP2 [4]
and ZnSnAs2 [5] that enables new nonlinear magnetooptical device structures for nonlinear optics and spintronic
applications.
The origin of ferromagnetism in these highly Mndoped compounds is still not settled and there have been
several experimental and theoretical attempts to study this
problem [6–10]. To decide between the different theoretical predictions detailed knowledge concerning the incorporation of Mn in the different charge states at the different
lattice site and the Mn-induced local changes of the free
parameter xf of the chalcopyrite structure are necessary.
Such data can be obtained in a unique way by systematic
electron paramagnetic (EPR) investigations of these compounds with different Mn concentrations. The published
results were recently summarized [11].
In this paper we present the first EPR proof of the Mninduced local changes of the free parameter xf for isolated
Mn2+ on the two magnetically inequivalent Zn sites in the
tetragonal ZnGeP2 structure and discuss the results together
with improved data of the site inequivalence of MnZn2+ detected earlier in ZnSiP2 [11, 12].

2 Experimental details The Mn-doped ZnGeP2 bulk
crystals used in this work have been grown by the horizontal
gradient freeze (HGF) technique varying the Mn concentration in the melt between 0.2 and 5 mol%. For EPR studies
small samples with suitable dimensions for X- and Q-band
measurements were cut along the main crystallographic axes.
In addition, several unintentionally Mn-doped ZnSiP2 crystals [13] with low Mn concentration were studied. The EPR
measurements were carried out using a Bruker ESP 300E
spectrometer operating both in X- and Q-band. The sample
temperatures in the range 3.9 K–300 K were achieved with
Oxford Instruments continuous flow cryostats.
3 Experimental results and discussion Figure 1
shows the well-known EPR spectra for isolated Mn2+ (3d5)
on Zn site in ZnGeP2 and ZnSiP2, respectively, for the
magnetic field B parallel to the tetragonal crystal field
c-axis [11]. Five fine structure lines are resolved, each being a sextet typical for the 55Mn hyperfine (HF) structure
caused by the coupling of the 6A1 ground state of Mn2+ to
the nuclear spin I = 25 of the natural isotope 55Mn. The angular dependence of the EPR spectra can be described by a
spin Hamiltonian (SH) for S = 25 including the fourthorder fine structure terms in tetragonal symmetry with z
along the c-axis, which is shown for ZnSiP2 : Mn2+ in Fig. 2
rotating the magnetic field B in the (110)-plane.
A similar behavior, but with smaller fine-structure splitting
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Figure 1 Comparison of the EPR spectra of ZnGeP2 : Mn2+ (a)
and ZnSiP2 : Mn2+ (b) for B || c at 80 K. The “stick” spectra present
2+
the five Mn fine-structure transitions (∆M = ±1) with the six
fold splitting induced by the hyperfine interaction with the Mn
nuclear spin I = 25 . The smaller zero-field splitting and the larger
2+
line width of the Mn lines for ZnGeP2 are evident. For
2+
ZnSiP2 : Mn the central part of the spectrum is overlapped by the
EPR spectrum of the zinc vacancy (VZn–).

(Table 1) as well as a stronger broadening of the five finestructure lines, is observed for ZnGeP2 :Mn. In a real chalcopyrite structure with c/a ≠ 2 there are two inequivalent
sites in the unit cell for each type of metal ion resulting
from the clockwise and counterclockwise rotation of the
anion tetrahedron around the c-axis by the tilting angle ±τ.
These two magnetically nonequivalent sites for the two
types of cations in II –IV– V2 and I– III –VI2 compounds
become distinguishable for EPR centers with S ≥ 2, because the fine structure lines can split into doublets via the
fourth-order cubic term in the SH for special orientations
[12]. For S = 25 spin systems the splitting is largest for the
fine structure transitions ± 23 ↔ ± 12 and achieves
its maximum if the external magnetic field is applied perpendicular to the tetragonal c-axis. The splitting behavior
is shown for weakly Mn-doped ZnSiP2 and ZnGeP2 in
Fig. 3.
The generalized spin Hamiltonian (SH) appropriate to
the Mn2+ ions occupying the two magnetically nonequivalent Zn sites with the symmetry S4 takes the form
ˆ + B 20T20 + B 40T40 + (B 44 + iB 4 - 4 ) T44
H = b B gS
ˆ
+ (B - iB ) T -4 + SAI
4-4

44

Table 1

(1)

4

Figure 2 (online colour at: www.pss-rapid.com) Angular de2+
pendence of the X-band EPR line positions of ZnSiP2 : Mn and
EPR spectra both for B || c and B || [110] at T = 80 K. The magnetic
field B is rotated in the (110) plane. The solid lines are calculated
by exact diagonalization of SH (1) and using the parameters
given in Table 1.
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Τ ml are spherical tensor operators [14]; the coordinate
frame (x, y, z) is given by the tetragonal unit cell. It is possible to fix the x and y directions by rotation around the
fourfold rotation inversion z-axis (c-axis) by the angle
τMn = ± 14 tan–1 (B4–4 /B44) so that B4–4 = 0 and the phenomenological SH used in [12] results. However, such special
choice of the x and y axes is only possible for one center
orientation. A rotation around the c-axis to obtain coincidence with the second set of cubic axes introduces new
terms in the SH. Line positions and line intensities were
calculated by exact diagonalization of the SH matrix defined
by the SH (1). The parameters of SH (1) determined from
the angular dependence of the EPR spectra in (001) and
(110) planes are presented in Table 1. In addition, the angle
τMn is compared with the tilting angle τZn of the ZnP4 tetrahedron rotation around the c-axis calculated from the free parameter xf determined by X-ray studies [15] using the rela-

where B 20 =

2

b20 , B 40 =

SH parameter (1) for Mn2+ in ZnSiP2 and ZnGeP2 at T = 80 K (HF constant A and fine-structure parameters bmk in 10–4cm–1).

MnZn2+

g

–b2

b4

b4

b4

–A

|τ Mn|
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2.003
2.002

–99.5
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0

0
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calculated from the data given in [15]
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4 Conclusion The two non-equivalent group II and
group IV sites with S4 symmetry in the II–IV–V2 compounds
can be distinguished by EPR for centers with S ≥ 2. The determined local tilting angles τMn for Mn on Zn site in ZnGeP2
respectively ZnSiP2 differ distinctly from the angles τZn obtained by X-ray studies. These deviations, which are mainly
caused by the local change of the free parameter xf , can affect
the formation of the stable magnetic states.
Acknowledgements The authors are indebted to Prof.
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Figure 3 (online colour at: www.pss-rapid.com) Experimental
splitting (•) of the highest HF transition of the Mn 2+
Zn fine structure lines – 23 ↔ – 12 for ZnSiP2 (a) and ZnGeP2 (b) by rotation of
the magnetic field B around the c-axis. The solid lines are calculated by exact diagonalization of SH (1) and using the parameters
given in Table 1.

tion [12]
tan t Zn =

1 - 4 xf
.
1 + 4 xf

(2)

The discrepancy between the values τMn and τZn is mainly
caused by the Mn-induced local changes of the free parameters xf at impurity site due to the local changes of the
tetrahedral bonding around the Mn ions.
The value τMn differs distinctly not only from the τZn
value of the undistorted lattice but also from the estimated
structural parameters used for the calculation of the formation of the stable magnetic states [16].
To avoid misinterpretation it should be emphasized
that from the line position of the EPR transitions the sign
of τMn cannot be determined. This is overlooked erroneously in some attempts to correlate the zero-field parameter D and the local tilting angles τM (M = Mn2+, Fe3+) in
II –IV– V2 [17, 18] and I –III– VI2 [19] semiconductors.
For Mn-concentrations higher than 1% we could confirm the formation of antiferromagnetically coupled
MnZn2+ – MnZn2+ pairs in ZnGeP2 suggested earlier [11]. This
is evidenced by our detection of their characteristic hyperfine structure. Details are discussed elsewhere [20].
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