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Abstract
First-principles calculations are made on the Ge1−x Mnx Te diluted magnetic
semiconductors with different compositions. The origin of their ferromagnetism
is investigated and the carrier-induced ferromagnetism is developed for these
diluted magnetic semiconductors. The Mn 3d states localized with divalent
character are deep below the Fermi level, and the carriers introduced by defects
are supported in our calculation. The p states of Ge also play an important role
in the occurrence of ferromagnetism especially at high temperature. It is thought
that Ge1−x Mnx Te with a moderate composition (x = 0.51) of Mn atoms is a
good candidate for DMS materials.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Diluted magnetic semiconductors (DMSs) with ferromagnetism of high Curie temperature
(Tc) have attracted much attention because of their good spin-polarization property, which
is important for spintronic functional devices [1]. Since the initial discovery of (In, Mn)As
(Munekata et al 1989, 1991, Ohno et al 1992), extensive studies have been performed for III–
V-based materials [2]. In particular, Ga1−x Mnx As exhibits ferromagnetic order with relatively
high Curie temperature (Tc) up to 170 K [3, 4]. Many valuable and constructive investigations
have been carried out for this material. Its ferromagnetism might be ascribed to Ruderman–
Kittel–Kasuya–Yoshida (RKKY) interaction [5]. Moreover, the other mechanisms, including
double-exchange and super-exchange mechanisms [6, 7], are also employed to interpret the
origin of the DMS’s ferromagnetism. On the other hand, Fukuma et al have succeeded in the
epitaxial growth of Ge1−xMnx Te films on BaF2(1 1 1) substrates up to x = 0.96 using an
ionized cluster beam (ICB) technique [8]. Tc shows a maximum of 140 K at x = 0.51 and the
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Table 1. The structural parameters of Ge1−x Mnx Te (2 × 2 × 2 supercell).

x = 0.25 x = 0.50 x = 0.75

Lattice constant (Å) 11.90 11.84 11.74
α = β = γ (deg) 90 90 90

ferromagnetic order exists in the whole region of x � 0.96 [8]. The wide range of transition
metal (TM) impurity solubility gives a good example for studying the influence of the TM’s
stoichiometric composition on ferromagnetism. In addition, spectroscopy analyses were carried
out in terms of the study of electronic structure and the origin of ferromagnetism was explained
for this material [9, 10]. It has been clearly shown that the magnetization depends on the
carrier concentration [8, 11], but further detailed studies are still scarce, for example, what the
contribution is to the carrier. Moreover, the ab initio studies of DMSs with a narrow gap are
nearly absent. So in this paper we make a first-principles study of Ge1−xMnx Te running by the
CASTEP code [12] to discuss its ferromagnetism.

2. Calculation

The calculations were made using a spin-polarized version of CASTEP whose background
theory is based on DFT (density functional theory). We employed the PW91
generalized gradient approximation (GGA) to describe exchange–correlation interactions [13],
and Vanderbilt-type ultrasoft pseudopotentials were used to represent the electron–ion
interactions [14]. Wavefunctions were expanded in terms of plane waves with medium accuracy
setting [12]. We have chosen a 2×2×2 supercell containing 64 atoms in the calculation and this
64-atom supercell was built from eight-atom unit cells. The Monkhorst–Pack 2 ×2 ×2 k-point
grid was used in the cell [15], and the separation is set to be 0.05 Å

−1
in the calculation. It is

noted that relativistic effects have an impact on the precision of calculations including a rather
large atomic number Te element. However, we here make non-relativistic calculations due to
only considering systematic comparisons of calculated results among Ge1−x MnxTe materials.

Three representative impurity concentrations were chosen, and set as x = 0.25, 0.50,
0.75 in the study, respectively. Geometry optimization was performed by using BFGS
schemes [16], and experimental lattice constants of the structures were employed as an initial
input geometry [8]. We only optimized internal freedom upon atoms with fixed lattice constant,
that is, the internal fractional coordinate was optimized. The experimental crystal structure
of Ge1−xMnx Te was similar to bulk host materials [17]. Bulk GeTe has a rhombohedrally
distorted NaCl crystal structure with the lattice constant of 5.979 Å and the rhombohedral
angle of 88.22◦. The rhombohedral symmetry was selected below x = 0.2 and transformed
into NaCl structure at this point for the crystal structure of Ge1−xMnx Te. The three structures
on which we focused are all NaCl structures and their lattice constants reduce with increasing
Mn concentration. The structure of Ge0.5Mn0.5Te is illustrated in figure 1 and the other two
structures can be produced by substituting different compositions. The Mn impurities are
distributed homogeneously in these crystals. Moreover, we show the structural parameters
in table 1.

We performed the electronic structure calculation using the optimized geometries, and then
we performed two tasks. One is a comparison between the total energy of the ferromagnetic
state and that of the antiferromagnetic state. Two self-consistent solutions for the electronic
structure of the DMS correspond to the two states. By the comparison of the two states, we can
find which state is stable, and the total energy difference corresponds to Tc [18].
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(a) (b)

Figure 1. Unit cell (a) and 2 × 2 × 2 supercell (b) of Ge0.5Mn0.5Te.

Table 2. The energies of the ferromagnetic state (FM) and antiferromagnetic state (AFM) in
Ge1−x Mnx Te (2 × 2 × 2 supercell); the energy difference �E = EFM − EAFM.

x = 0.25 x = 0.50 x = 0.75

FM (eV) −15 109.07 −19 481.21 −23 852.84
AFM (eV) −15 109.98 −19 481.67 −23 855.99
�E (eV) 0.91 0.46 3.15

The other piece of work in our study is the analysis of DOS (density of states) with
different TM impurity concentrations. In particular, 3d states of Mn atoms and the states near
the Fermi level are very important. It is possible to understand the origin of ferromagnetism for
Ge1−xMnx Te DMS based on DOS analysis.

3. Results and discussion

3.1. Energy comparison

In table 2 the calculated energies of the ferromagnetic state and antiferromagnetic state of
the three representative impurity concentrations are presented. It is found that the differences
between the ferromagnetic state and antiferromagnetic state are not obvious in the three
structures. This situation is interesting. Generally, for a high Tc DMS the energy of the
ferromagnetic state is lower (larger absolute value) than that of the antiferromagnetic state
in the ground state, especially in the II–VI-based DMS (i.e. Zn1−xCrx O, Zn1−x Cox Te etc) and
(III, Mn)V compounds [7, 19]. Contrarily, in Ge1−x MnxTe the energy of the antiferromagnetic
state is lower. It was reported that the DMSs in which the double exchange plays the
main role in the occurrence of the ferromagnetic state are likely to have a ground state of
ferromagnetism, and the d states in these DMSs are often partially filled [7, 19]. However,
the reverse situation of Ge1−x Mnx Te indicates that the double-exchange mechanism does not
work for its ferromagnetism. From an earlier experiment it is shown that the ferromagnetic
state of Ge1−x Mnx Te was observed at low temperature [8]. It could be ascribed to the RKKY
interaction and the carriers are formed by Ge vacancies [20, 21], but in our work the situation
is different. The structures we studied are perfect crystals and there are no vacancies or any
other defects in them. So the calculated antiferromagnetic order in the ground state might
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Figure 2. The d states of Mn atom in the three structures (FM) and MnTe.

be attributed to weak antiferromagnetic interaction, which is super-exchange interaction via
anions between Mn ions [21]. This is also evidence for the relationship between defects and
carrier-induced ferromagnetism.

Table 2 shows that the value �E of the second structure is the minimum among the three
structures. Therefore, the stabilization of its antiferromagnetic state is the lowest one among the
three impurity concentrations and it will transform to the ferromagnetic state easily. This trend
shows the second structure might have the highest Tc in accord with the experiment data [8].

3.2. DOS analysis

Figure 2 displays the calculated Mn 3d states in the three structures of ferromagnetic state
(FM) respectively. They have the same feature of localized Mn 3d states and all represent two
main peaks. From crystal field theory [22, 23] the configuration could be understood. In an
octahedral field, fivefold degenerate d states of the Mn atom are split into doubly degenerate
eg states and threefold degenerate t2g states, and the energy of the t2g state is lower than that
of the eg state. The two peaks of d states correspond to these two kinds of states. These
configurations were verified by spectrum analysis [9, 10].

In addition, in figure 2 we compare the d states of the Mn atom in Ge1−x Mnx Te with
the ones in MnTe, and find that they have a resemblance. This suggests the Mn atom in
Ge1−xMnx Te is in a 2+ oxidation state.

In order to explain the origin of ferromagnetism in the Ge1−x Mnx Te DMS, in figure 3
we give the plots of DOS for Ge1−x Mnx Te and Ga1−xMnx As respectively, and make a
comparison between them. As we know, the discussions about Ga1−xMnx As had been made
extensively [2–6]. It is well known that carrier-induced ferromagnetism plays the main role
in Ga1−x Mnx As DMSs. The Mn atom acts an acceptor in GaAs-based DMSs, so that in
Ga1−xMnx As, the Mn atom brings both the carriers and the localized spins. So it is very
interesting to make such a comparison. From figure 3 we can find that the main part of
spin up 3d states of Mn atoms in the two DMSs both fall below the Fermi level and the
spin down 3d states are unoccupied above the Fermi level. However, the position of spin
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Figure 3. The d states of the Mn atom in Ge1−x Mnx Te (FM) and Ga1−x Mnx As.

up 3d states in Ge1−x Mnx Te is deeper and they are fully filled by electrons. This finding
indicates that the Mn atoms in such a system do not produce any carriers. This is different from
Ga1−xMnx As in which spin up 3d states of the Mn atom are partially occupied near the Fermi
level. As mentioned above the Mn 3d states of Ge1−xMnx Te are localized with the divalent
character. However, the carrier-induced ferromagnetism of the Ge1−x MnxTe DMS was found
in experiment [8, 11]. From the above discussion, it is shown obviously that the origin of the
carriers of Ge1−xMnxTe should be different from that of Ga1−xMnx As. It was thought that the
carriers are from Ge vacancies and its concentration could be controlled by annealing [20, 21].
Additionally, the deep position of 3d states of Mn shows that the double-exchange interaction
does not contribute to the ferromagnetism in Ge1−x Mnx Te, and it is also a good support for
RKKY interaction-induced ferromagnetism.

For further study, the total density of states (TDOS) of Ge0.5Mn0.5Te in the ferromagnetic
state is shown in figure 4(a). The main parts of the TDOS are made up of p states and d states,
and it indicates a full overlap between them about 2–5 eV below the Fermi level. Furthermore,
from figure 4(b) we can see that the p states of Te constitute the main part of the p states
below the Fermi level. Accordingly, we can say that it should be an important hybridization
between the states of Mn and those of Te. This is also because the nearest-neighbouring Mn
site is a Te atom. Moreover, we believe that the hybridization is an important contribution
to antiferromagnetic order since MnTe is an antiferromagnet [24, 25]. The band structure of
Ge0.5Mn0.5Te in the ferromagnetic state is illustrated in figure 5 in which the bands of different
spins are displayed separately. Both the spin up and spin down band structures represent
metallic property with the Fermi level in the bands.

Subsequently, a series of DOS analyses for different impurity compositions are performed.
We still choose the representative three structures referred to above. Their main DOS
configurations of ferromagnetic state are shown in figure 6. We are concerned about the states
near the Fermi level which are critical for the occurrence of carriers. From the plots we find that
the three structures all represent some metallic property. This is because the impurity of Mn
changes the original narrow-gap electronic structure. It is clearly observed that the differences
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Figure 4. (a) The total density of states (TDOS) and partial density of states (PDOS) of
Ge0.5Mn0.5Te (FM); (b) the p states of the Ge atom and Te atom in Ge0.5Mn0.5Te (FM).
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Figure 5. The band structures of spin up electrons (a) and spin down electrons (b) in Ge0.5Mn0.5Te
(FM).

among three structures occur in the states above the Fermi level. As the impurity concentration
increases, the DOS of p states distributed from 0.5 to 1.5 eV decreases. This trend could be
found and understood from the plots of figure 4(b) in which the main parts of p states above
Fermi level consist of the Ge p states. The number of Ge atoms decreases with increasing
impurity concentration.
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Figure 6. The d states and p states of the three structures (FM).

It was reported from the experiment that the carrier concentration increases as Ge
concentration increases [8, 11]. So the Ge atom plays an important role in the occurrence
of ferromagnetism. This is because Ge vacancies offer a large number of holes which are
important for RKKY interaction-induced ferromagnetism. In addition, the higher the Ge
concentration, the more empty p states there are just above the Fermi level. This situation
gives more opportunities that the electrons could be promoted from the occupied states just
below the Fermi level to the unoccupied states by thermal excitations, and this process might
contribute to carrier concentration especially at high temperature.

In Ge1−xMnx Te, the p states and d states constitute the main parts of DOS. The d states
offer localized spins whereas the dispersing p states contribute to the carriers which are the
interactive parts for localized spins. Both Mn atoms and Ge atoms make contributions to the
ferromagnetic order in Ge1−x Mnx Te. The localized 3d states of Mn offer the spin magnetons
and Ge atoms correspond to the carriers. From the theory developed by Dietl et al, the Tc of a
ferromagnetic system could be determined in the following formula [26]:

Tc = C × x × n1/3.

Here, x is the concentration of magnetic impurities and n is the carrier concentration. C is
a constant. Accordingly, a high Tc ferromagnetic system must have contributions from high
values of x and n. However, it is shown from Ge1−xMnx Te that the two atoms are competitive
compositions, so the Ge1−x MnxTe with a moderate composition (x = 0.51) of Mn atoms will
be a high Tc DMS.

4. Conclusion

In this paper, we investigate the origin of ferromagnetism in Ge1−x Mnx Te DMSs using ab initio
calculated results. The Mn 3d states of Ge1−x Mnx Te are localized with divalent characters and
deep in the valence band of the host materials. The carrier-induced ferromagnetism could be
understood on the basis of the RKKY interaction mechanism and it is verified that the carries are
formed by Ge vacancies. The hybridization between p states of Te and d states of Mn is crucial
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for the antiferromagnetic interaction. From the analyses of DOS and the theory developed by
Dietl et al, we find that both Ge atoms and Mn atoms play important roles in the occurrence of
ferromagnetism with high Curie temperature. However, the Ge and Mn atoms are competitive
parts in Ge1−xMnxTe, and then the Ge1−x Mnx Te with a moderate composition (x = 0.51) of
Mn atoms will be a good candidate for DMS materials.
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[22] Zunger A 1986 Solid State Phys. 39 275
[23] Katayama-Yoshida H 1987 Int. J. Mod. Phys. B 1 1207
[24] Uchida E, Kondo H and Fukuota N 1956 J. Phys. Soc. Japan 11 27
[25] Banewicz J J, Heidelberg R F and Luxem A H 1961 J. Phys. Chem. 65 615
[26] Dielt T, Ohno H, Matsukura F, Cibert J and Ferrand D 2000 Science 287 1019

http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1126/science.281.5379.951
http://dx.doi.org/10.1063/1.1571666
http://dx.doi.org/10.1103/PhysRevB.67.241308
http://dx.doi.org/10.1063/1.364889
http://dx.doi.org/10.1103/PhysRevB.70.195215
http://dx.doi.org/10.1016/S0304-8853(02)01033-8
http://dx.doi.org/10.1016/S1386-9477(01)00098-4
http://dx.doi.org/10.1016/j.elspec.2005.01.037
http://dx.doi.org/10.1016/j.elspec.2005.01.075
http://dx.doi.org/10.1063/1.1445477
http://dx.doi.org/10.1103/PhysRevB.45.13244
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1021/j100203a036
http://dx.doi.org/10.1016/0022-1902(61)80111-5
http://dx.doi.org/10.1088/0256-307X/21/8/061
http://dx.doi.org/10.1002/1521-3951(200201)229:2<673::AID-PSSB673>3.0.CO;2-7
http://dx.doi.org/10.1088/0953-8984/17/32/L01
http://dx.doi.org/10.1103/PhysRevB.42.10477
http://dx.doi.org/10.1142/S0217979287001699
http://dx.doi.org/10.1143/JPSJ.11.27
http://dx.doi.org/10.1126/science.287.5455.1019

	1. Introduction
	2. Calculation
	3. Results and discussion
	3.1. Energy comparison
	3.2. DOS analysis

	4. Conclusion
	Acknowledgments
	References

