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a b s t r a c t

The structure stability, electronic structure and magnetic properties of zinc-blende Be15TMTe16 (TM ¼ Cr,
Mn, Fe, Co and Ni) diluted magnetic semiconductors have been investigated using first-principles cal-
culations. The Be15CrTe16 and Be15FeTe16 compounds are found to be half-metallic, and Be15MnTe16 and
Be15CoTe16 compounds are found to be semiconducting, while Be15NiTe16 is confirmed to be metallic.
And the results indicate that these five compounds should be stable and may be synthesized in practice.
These results suggest a possibility that Be15CrTe16 and Be15FeTe16 can be applied in the spintronic field.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the spintronics field, in order to find more materials which
are suitable to be manufacture electronic devices with low cost,
small size and high speed, a large amount of research has been
done. Lots of important breakthroughs on half-metallic (HM) fer-
romagnets, which only have one spin channel across the Fermi
level [1], have arisen. From the time that NiMnSb was first pre-
dicted by Groot et al. [2], researchers have predicted theoretically
and/or synthesized experimentally many HM ferromagnets, which
have foundwide applications in spintronics [3]. In dilutedmagnetic
semiconductors (DMS), in which a very small amount of magnetic
atoms replace some of the nonmagnetic cations in the host lattice
[4,5], HM property has also been observed.

The indirect-band-gap Zinc-blende (ZB) BeTe is a typical rep-
resentation of ⅡeⅥ semiconductors [6e8]. Its luminous efficiency
is high and absorption coefficient is low, which is only about 2.37 in
the strong absorption region [9]. These special optical properties
make BeTe good candidates for optoelectronic devices [7], and also
facilitate the possibility to control the magnetic behavior by light
irradiation in BeTe-based DMS. As it is known, there are two crystal
structures for BeTe, the NiAs structure with a hexagonal lattice and
the zinc-blende structure with a cubic lattice, which is the most
B.V. This is an open access article u
stable phase at ambient condition [10]. Much work has been done
about the doping of the 3d transition metal in zinc-blende BeTe. For
example, Li et al. [11] and Tanveer et al. [12] have systematically
investigated the stability, electronic structure and magnetic prop-
erties of ZB Be0.75Mn0.25Te and Be0.75Co0.25Te. Noor et al. [13] have
predicted that ZB Be1�xMnxTe (x ¼ 0.25, 0.5) show 100% spin po-
larization at the Fermi level. Alay-e-Abbas et al. [14] have system-
atically investigated ZB Be1�xCrxTe (x ¼ 0.25, 0.5, 0.75, 1)
compounds and found that they are all ferromagnetic HMs. The
half-metallicity of the V-doped BeTe semiconductors has also been
predicted by Doumi et al. [15], Sajjad et al. [16] andMonir et al. [17].
Since the doping concentration of transition metals in semi-
conductors is limited and very low in experiments, the low-
concentration doping must also be considered. For example, in ZB
and wurtzite (WZ) ZnX (X ¼ S, Se and Te), a substantial amount of
research on the low concentration doping of 3d transition metal
(TM) atoms has been carried out [18e21]. However, there are few
reports about the low concentration doping of 3d TM atoms in BeTe
materials up to now. In this paper, we have investigated the
structure stability, the electronic structure and themagnetism of ZB
Be15TMTe16 (TM ¼ Cr, Mn, Fe, Co and Ni) diluted magnetic semi-
conductors. The calculated results reveal that potential half-
metallicity can be expected in this system.

2. Computational details

The density functional theory (DFT) calculations were
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The geometry configuration of (a) BeTe and (b) Be15TMTe16. The green, blue, and
red balls represent Be, Te and TM atoms, respectively. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 1
The lattice parameters (a, in Å), the formation energy (Ef, in eV/f.u.), the band gap (in
eV), the HM gap (in eV), the total magnetic moment of Be15TMTe16 (Mtot, in mB), and
the magnetic moment of TM, Be and Te atoms (MTM, MBe and MTe, in mB).

Compound a Ef Band gap HM gap Mtot MTM MBe MTe

BeTe 5.66 �3.87 1.99 e 0 0 0 0
Be15CrTe16 5.71 �3.79 2.02 0.87 4.00 3.24 0.02 0.03
Be15MnTe16 5.69 �3.81 0.90 e 5.00 3.86 0.02 0.06
Be15FeTe16 5.69 �3.86 1.86 0.33 4.00 3.20 0.01 0.05
Be15CoTe16 5.67 �3.86 0.32 e 3.00 2.00 0.01 0.05
Be15NiTe16 5.66 �3.84 0 e 0 0 0 0
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performed using Cambridge Serial Total Energy (CASTEP) code [22].
The interaction between valence electrons and ions is treated by
the ultrasoft pseudopotentials [23,24]. The Generalized Gradient
Approximation [25] of Perdew, Burke and Ernzerhof [26]
(GGAePBE) is employed to treat the electronic exchan-
geecorrelation functions. For the pseudopotentials used, the elec-
tronic configurations with core level correction are Be (1s22s2), Cr
(3d54s), Mn (3d54s2), Fe (3d64s2), Co (3d74s2), Ni (3d84s2) and Te
(5s25p4), respectively. The plane-wave basis set are used to expand
the electronic wave functions, and the cut-off energy is set as
Fig. 2. The total DOS
400 eV. A 12 � 12 � 12 Monkhorst-Pack grid is employed for k-grid
samplings in the irreducible Brillouin zone [27]. The convergence
tolerance for the calculations is set as the difference in the total
energy within 5.0 � 10�6 eV/atom, the maximum Hellmanne-
Feynman force within 10�2 eV Å�1, the maximum stress within
2.0 � 10�2 GPa, and the maximum displacement within
5.0 � 10�4 Å/atom, respectively.
3. Results and discussions

3.1. Crystal structure

The geometry configuration of ZB BeTe is shown in Fig. 1(a). The
Be atom is located at (0, 0, 0) and the Te atom is located at (1/4, 1/4,
1/4) [7] in this conventional cell with 8 atoms. To study the prop-
erty of BeTe-based DMS with 3d TM doping, a super-cell with 32
atoms (a � 2b � 2c) are used. As shown in Fig. 1(b), for Be15TMTe16,
one TM atom is substituted for one Be atom. The equilibrium lattice
constants of BeTe and Be15TMTe16 are obtained by geometry opti-
mization. The possible magnetic configurations (ferromagnetic,
nonmagnetic and antiferromagnetic) are all considered. Further-
more, for the ferromagnetic and antiferromagnetic configurations,
to find the stable ground state, the states with different starting
magnetic moments have also been tested. The corresponding pa-
rameters are summarized in Table 1.
3.2. Phase stability

Firstly, in order to investigate the phase stability of Be15TMTe16,
the formation energy is calculated. The formation energy Ef is
presented as following:

Ef ¼ Etotal �
X

i

niE
i
atom:

Here, Etotal is the total energy of the compound, Eiatom is the
chemical potential of the ith element and ni is the number of the ith
atom. The calculated formation energies are presented in Table 1. It
of Be15TMTe16.



Fig. 3. The band structure of Be15TMTe16.
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Fig. 4. The partial DOS of Be15TMTe16.

Fig. 5. The electronic configurations of t2g and eg states of 3d TM ions in BeTe DMS.
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can be found that, for all the doped compounds, the formation
energies are negative and considerable, suggesting that Be15TMTe16
(TM ¼ Cr, Mn, Fe, Co and Ni) compounds should be stable and may
be synthesized in practice.

3.3. Electronic structure and magnetic properties

The total density of state (DOS) of pristine BeTe and Be15TMTe16
are shown in Fig. 2. It can be found that, BeTe is a semiconductor
with an energy gap of 1.99 eV, which is in good agreement with that
obtained by Guo et al. [7]. For Be15CrTe16, the density of state at the
Fermi level is considerable in the majority-spin state, and the
density of state is zero at the Fermi level in the spin-minority state.
For Be15FeTe16, the majority-spin state exhibits a semiconducting
character, while the minority-spin state is metallic. Thus,
Be15CrTe16 and Be15FeTe16 are HM with 100% spin polarization. The
half-metallic gaps, the most proper indicator of the half-metallicity
for a material, are also presented in Table 1. Here, the half-metallic
gap [28,29] is defined as the minimum between the lowest energy
of the majority (minority) spin conduction bands with respect to
the Fermi level and the absolute values of the highest energy of the
majority (minority) spin valence bands. The HM gaps are 0.33 and
0.87 eV for Be15FeTe16 and Be15CrTe16, respectively. Thus, the HM
property of Be15CrTe16 should be very stable andmay be suitable for
the spintronic application. For Be15MnTe16 and Be15CoTe16, the
majority-spin andminority-spin states are not symmetrical and the
energy gaps are 0.90 and 0.32 eV, respectively. So we predict that
they are magnetic semiconductors. For Be15NiTe16, the majority-
spin and minority-spin states are symmetrical and the densities
of state are not zero at the Fermi level for both two states, thus
Be15NiTe16 is a nonmagnetic metal.

Fig. 3 shows the band structures of Be15TMTe16. It can also be
found that Be15CrTe16 and Be15FeTe16 are HMs, and Be15MnTe16 and
Be15CoTe16 are semiconducting, while Be15NiTe16 is a nonmagnetic
metal. Besides, the details of the band structure are different for
Be15MnTe16 and Be15CoTe16. For Be15MnTe16, both of the conduction
band bottom and the valence band maximum are located at G
point. It suggests that Be15MnTe16 is a direct-band-gap magnetic
semiconductor. However, For Be15CoTe16, the conduction band
bottom is located at M point (0.5, 0.5, 0), while the valence band
maximum is located at G point, suggesting an indirect-band-gap
characteristic.

The partial DOS is also calculated to investigate the magnetism
of Be15TMTe16. Because the magnetic moment of Be is very small in
Be15TMTe16 (as shown in Table 1), the DOS of Be atoms is not shown
in Fig. 4. It can be found that the strong hybridization between the
3d orbitals of the TM atoms and the host p orbitals near the Fermi
level plays an important role on the formation of induced magne-
tism. All the 3d TM atom ions form ferromagnetic interactions
between the surrounding Be and Te ions (see Table 1).

To give an insight into the magnetism in TM-doped BeTe DMS,
the electronic configurations of TM ions are schematically illus-
trated in Fig. 5. The TM atoms occupy Be site in BeTe semiconductor,
and contribute two electrons to the anionic dangling bonds. The
remaining d electrons are responsible for its magnetic state. Based
on the crystal field theory, we can find that the nearest neighboring
Te atom form a tetrahedral crystal field, which splits the five-fold
degenerate d states of the TM ion into three-fold degenerate
high-lying t2g (dxy, dyz and dzx) and two-fold degenerate low-lying eg
(dz2 and dx2�y2 ) states [30,31]. And the energies of t2g states are
higher than eg states because of more electrostatic interactions. The
JahneTeller effect of some TM impurities will further change the
splitting of t2g and eg states. The electron configuration of the doped
TM ion is resulted from the competition between crystal field
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splitting energy andmean spin pairing energy (the energy required
to pair up electrons in the same orbitals) [30].

Based on the above discussion, the magnetic state of TM ions in
BeTe DMS can be illustrated. As shown in Fig. 5, for Mn, Fe, Co ions,
the spin-up states are fully occupied, while the spin-down states
are either empty or partially occupied. In this case, because of the
strong hybridization between doped TM ion and its neighboring Te
anions of the host semiconductor, part of the Te spin-down elec-
trons will transfer to TM ions, thus the spin-up states of Te ions
become more occupied than spin-down states and the induced
magnetic moments of Te ions are parallel to that of TM (Mn, Fe, Co)
ions as a result [31]. For Cr ions, we can find that the spin-up states
are partially occupied. However, due to its crystal field splitting
energy is larger than mean spin pairing energy, the spin-down
states in Te ions will transfer to Cr ions. Thus, the spin-up states
in Te is more occupied than spin-down states, and the magnetic
moment of Te ions is also parallel to that of Cr ions. Since some of
the spin-down states of the doped TM ion are occupied by the
electrons of the host anions, the calculated magnetic moments of
TM atoms in DMS are smaller than those of the corresponding free
atoms. The detailed value of atomicmagnetic moment can be found
in Table 1.

4. Conclusions

Employing the first-principles calculations, we have investi-
gated the structure stability, electronic structure and magnetic
properties of Be15TMTe16 compounds. The conclusions can be
summarized as follows:

(1) Be15TMTe16 (TM ¼ Cr, Mn, Fe, Co and Ni) compounds at zero
pressure can exist stably and may be synthesized in practice.

(2) Be15CrTe16 and Be15FeTe16 are found to be half-metallic, and
Be15MnTe16 and Be15CoTe16 are found to be magnetic semi-
conductors, while Be15NiTe16 is confirmed to be a nonmag-
netic metal.

(3) The magnetic moments on the surrounding host ions are
induced by the hybridization of 3d TM ions and the host ions,
and the total magnetic moment comes mainly from the
magnetic atom.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China in Grant Nos. 51301119 and 11204201, the
Natural Science Foundation for Young Scientists of Shanxi in Grant
No. 2013021010-1, and Youth Foundation of Taiyuan University of
Technology Grant No. 1205-04020102.
References

[1] J.K. Furdyna, J. Appl. Phys. 64 (1988) R29eR64.
[2] R. De Groot, F. Mueller, P. Van Engen, K. Buschow, Phys. Rev. Lett. 50 (1983)

2024e2027.
[3] S. Wolf, D. Awschalom, R. Buhrman, J. Daughton, S. Von Molnar, M. Roukes,

A.Y. Chtchelkanova, D. Treger, Science 294 (2001) 1488e1495.
[4] M.I. Miah, J. Phys. D Appl. Phys. 41 (2008) 1e5.
[5] H.S. Saini, M. Singh, A.H. Reshak, M.K. Kashyap, J. Alloys Compd. 536 (2012)

214e218.
[6] C. Grein, R. Radtke, H. Ehrenreich, C. Chauvet, E. Tournie, J. Faurie, Solid State

Commun. 123 (2002) 209e212.
[7] L. Guo, G. Hu, S. Zhang, W. Feng, Z. Zhang, J. Alloys Compd. 561 (2013) 16e22.
[8] I. Khan, I. Ahmad, D. Zhang, H. Rahnamaye Aliabad, S. Jalali Asadabadi, J. Phys.

Chem. Solids 74 (2013) 181e188.
[9] N. Noor, W. Tahir, F. Aslam, A. Shaukat, Phys. B 407 (2012) 943e952.

[10] W. Yim, J. Dismukes, E. Stofko, R. Paff, J. Phys. Chem. Solids 33 (1972)
501e505.

[11] J. Li, X.L. Xu, Y. Zhou, M. Zhang, X. Luo, J. Alloys Compd. 575 (2013) 190e197.
[12] W. Tanveer, M.A. Faridi, N.A. Noor, Asif Mahmood, B. Amin, Curr. Appl. Phys.

(2015), http://dx.doi.org/10.1016/j.cap.2015.07.016.
[13] N. Noor, S. Alay-e-Abbas, Y. Saeed, S. Ghulam Abbas, A. Shaukat, J. Magn.

Magn. Mater. 339 (2013) 11e19.
[14] S.M. Alay-e-Abbas, K.M. Wong, N. Noor, A. Shaukat, Y. Lei, Solid State Sci. 14

(2012) 1525e1535.
[15] B. Doumi, A. Tadjer, F. Dahmane, A. Djedid, A. Yakoubi, Y. Barkat, M. Ould

Kada, A. Sayede, L. Hamada, J. Supercond. Nov. Magn. 27 (2014) 293e300.
[16] M. Sajjad, Sadia Manzoor, H.X. Zhang, N.A. Noor, S.M. Alay-e-Abbas,

A. Shaukat, R. Khenata, J. Magn. Magn. Mater. 379 (2015) 63e73.
[17] M. El Amine Monir, R. Khenata, G. Murtaza, H. Baltache, A. Bouhemadou, Y. Al-

Douri, S. Azam, S. Bin Omran, H. Ud Din, Indian J. Phys. (2015), http://
dx.doi.org/10.1007/s12648-015-0696-6.

[18] O. Chu-Ying, X. Zhi-Hua, O. Qi-Zhen, L. Guo-Dong, Y. Zhi-Qing, L. Min-Sheng,
Chin. Phys. 15 (2006) 1585e1590.

[19] R. McNorton, T. Schuler, J. MacLaren, R. Stern, Phys. Rev. B 78 (2008) 075209.
[20] R. Stern, T. Schuler, J. MacLaren, D. Ederer, V. Perez-Dieste, F. Himpsel, J. Appl.

Phys. 95 (2004) 7468e7470.
[21] J. Xie, J. Magn. Magn. Mater. 322 (2010) L37eL41.
[22] M. Segall, P.J. Lindan, M. Probert, C. Pickard, P. Hasnip, S. Clark, M. Payne,

J. Phys. Condens. Matter 14 (2002) 2717e2744.
[23] D. Vanderbilt, Phys. Rev. B 41 (1990) 7892.
[24] G. Kresse, J. Hafner, J. Phys. Condens. Matter 6 (1994) 8245.
[25] E. Wimmer, H. Krakauer, M. Weinert, A.J. Freeman, Phys. Rev. B 24 (1981) 864.
[26] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865.
[27] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976) 5188e5192.
[28] K.L. Yao, G.Y. Gao, Z.L. Liu, L. Zhu, Solid State Commun. 133 (2005) 301e304.
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