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We present an accurate first-principles study of magnetism and energetics of single Mn impurities
and Mn dimers in Si. Our results, in general agreement with available experiments, shGywhtrat

atoms tend to aggregate, the formation energy of dimers being lower than the sum of the separate
constituents(ii) ferromagnetic coupling is favored between the Mn atoms constituting the dimers in
p-type Si, switching to an antiferromagnetic couplingniftype Si, (i) Mn atoms show donors
(acceptoy properties inp-type (n-type) Si, therefore they tend to compensate doping, while dimers
being neutral or acceptors allow for Si to be dopetype. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1688002

The discovery of ferromagnetism in diluted magnetic Total energies and chemical potentials are computed within
semiconductors—a new class of materials having GaMnAs the DFT and the generalized gradient approximation of Per-
as a prototypical compound—has renewed the interest in théew and Wan@to the exchange-correlation functional, using
physics of transition metalTM) atoms in semiconductors. the projector augmented wave metA@ad the plane-waves
While most of the early works were focused on the TMcode provided in theasp package® Spin polarization of
doping of 11I-V and 11-VI?> semiconductors, recently, ferro- valence electrons is treated semirelativisticailg., without
magnetic properties and magnetoresistance phenomena kpin-orbit coupling. As for the chemical potential of bulk
low room temperature have been reported for, g _, Mn, we use its calculated value in the antiferromagnetic
(x up to 3%.% This discovery opened the issue of ferro- (AFM) phase of its fcc metallic structure, while for silicon
magnetism in Mn-doped group-IV semiconductors. It iswe refer to the equilibrium diamondlike structure. We simu-
well known that TM solubility in Si and Ge is very low and late an isolated defect within the periodic boundary condi-
that Mn atoms tend to aggregate into clusters. Electrontions via the repeated supercell approach, using<&>33
paramagnetic resonan¢EPR* investigations showed that cubic supercell. Test calculations show that this is the smaller
isolated Mn impurities in Si can occur in different charge supercell dimension necessary to get converged results for
states, both at interstitial (Mn, Mn?, Mn,", and Mrf*) and  the magnetic moments of the dimer complexes considered in
substitutional (Mg, and Mrg) sites. this work. A kinetic energy cutoff of 202 eV is used in all of

From the theoretical point of view, pioneering first- the calculations. The supercell size and shape are kept fixed
principles Green's-function simulations were performed forduring the calculations. To minimize the effect of the inter-
isolated impurities in Si, taking into account spin multiplici- action among the periodic images we use kh@oint set
ties and charge staté§ However, a careful theoretical study proposed by Makov, Shah, and Payhe.
focused on the interaction between Mn atoms in a Si matrix ~ We investigated the most important defects involving up
based on large supercell density functional calculations into two Mn atoms:(i) tetrahedral interstitial Mn (i) Mn
cluding structural relaxation, is still lacking. A thorough in- substituting Si (Mgy), (iii) a Mn dimer (Mny-Mng) where
vestigation of Mn clustering in Si and Ge is outside the scopawo Mng; sit on neighboring sites,(iv) a complex
of this work and, in general, of first principles investigations. (Mng-Mn,) formed by a Mp bound to a Mg;, (v) an inter-
Moreover, technical issues related to the well-known understitial dimer (Mn-Mn;) where both Mn atoms occupy tetra-
estimation of the band gap width in the framework of densityhedral interstitial sites(vi) a complex (Mr-Si)) where an
functional theory(DFT) (Ge is depicted as a nearly zero gap interstitial silicon atom Siis bound to a Mg, We performed
materia) suggested limiting the present investigation to Mna structural optimization allowing only lattice distortions
in silicon. Therefore, in this work we focus our attention on compatible withC3, symmetry. In Fig. 1 we show the for-
the energetics and on the magnetic properties of Mn isolatethation energies for the defects involving a single Mn atom,
impurities and dimers in the limit of low doping concentra- i.e., Mng;, Mn,, and the Mg-Si, complex. We find that, for
tions (~0.5%—-1%. isolated Mn atoms, interstitial atoms are energetically fa-

We compute the formation energies for the defects studvored over substitutional ones for most of the allowed range
ied using the standard formalism by Zhang and NortHrup. of the electron chemical potential, in agreement with experi-
mental evidencé? The formation energy difference between

dauthor to whom correspondence should be addressed; electronic maiMnSi an_d Mn is |§rger inp-ty_p_e conditions and d_e_ueases for
fabio.bernardini@dsf.unica.it increasing Fermi level positions. Imtype conditions Mg;
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FIG. 1. Formation energy of single Mn impurities as a function of the Fermi . . . . .
level. Charge states are shown, along with the relative total magnetic md=!G. 2. Formation energy of Mn dimers as a function of the Fermi level, in
ments, in Bohr magnetonGumber in parenthesesTo help readability, ~ Unit of eV/Mn atom. Charge states are shown, along with the relative total
small vertical bars mark the ionization levels. magnetic moments, in bohr magnetansimber in parentheses

componentdi.e., Mng; and Mn), meaning that an attractive
comes energetically favorite over MriTherefore, we pre- interaction between Mn atoms exists. The binding energy
9 y . ' P between two Mn atoms of course depends on the Fermi level

dict, in n-type Si, the coexistence of Mr_and Mry;. As for ., position, but it is always of the order of 1 eV, it is therefore
the charge states of the defects, experimental data avallalﬁe

in literaturé show the existence of charge states from tb arge enough to ensure the formation of complexes, provided
. L . . - that Mn atoms can diffuse.

2+ for the interstitial impurity, while for the substitutional The formation of Mn dimers has important conse-

one the only charge states detected are theahd 2-. Be- P

. ) . ._guences on the magnetic properties of Mn-doped silicon. In
sides a general agreement with experiments, our calculatio %ble | we show the preferred spin alignméferromagnetic
reveal for the Mg; the possible existence of a-1lcharge P P g g

state that was not reported in literature. The latter corregFM) or AFM] of the dimers complexes, along with the

. : : . .. charge states, total magnetic moments, and atomic magnetic
sponds to a nonmagnetic configuration for the impurity, . S
. moments. It was found, in Ge or GaAs, that AFM pairing
whose existence cannot be detected by EPR spectroscopy:. : . .
: : S . prevails when Mn impurities are brought together to form
The incorporation of Mn in silicon can be achieved dur-

ing crystal growth or by ion implantation. The second ap_complexes. We find that dimers in silicon, at the considered

. . ncentration refer FM spin alignmen roun
proach induces in the host crystal a large number of defect_gO centrations, prefe spin alignment aszglgua(r:i]dstate

that have to be eliminated by thermal annealing. During thqc\:’ﬂonﬂguroanon., W'.th Fhe only 9xcept|on of MpMIng;
. o . n-Mn;. This finding has important consequences on the
annealing, two processes can ocally:a recombination of

. - ) : . magnetic properties of Mn-doped silicon. Indeed, pairing
Mn, with silicon vacancies that favors the incorporation of seems not to quench the maanetic properties related to iSo-
Mn in the substitutional site an@i) a “kick-out” process, d g prop

where a substitutional Si is displaced by an interstitial Mn tola?ted Mn atoms. In pz_irtlcular, T(EF b?".OW 06eV, M@i'Mn'_
. o o . ._dimers—as well as isolated interstitial—are defects with a
a neighboring interstitial site. The final result of the latter is

a Mng-Si; complex whose energy is plotted in Fig. 1. Our large magnetic moment, ranging from 2 to 4 Bohr magne-

results clearly show that the MgSi complex is strongly tons. For highelEg, substitutional pairs are the lowest en-

energetically unfavored. Therefore, we conclude that kick-

- : . TABLE |. Relevant information for the considered Mn dimers: charge state
out mechanisms are un“kely and most of the |mplanted MQQ, in electrong, favored spin configuration, total magnetic momelvt,f),

atoms will remain interstitia}I. atomic magnetic momentd\; andM,) in bohr magnetons. In the case of
We now turn our attention to defects formed by two Mn the Mns-Mn, dimer magnetic momentdl ; and M, refers to the interstitial

atoms. In realistic conditions, high doping levels areand substitutional atoms respectively.

achieved out of thermodynamical equilibrium. At these high

becomes a-double acceptor and gy above 0.97 eV it be-

concentrations, the pairing of Mn atoms is likely. In Fig. 2 © Spin. cont Moo M M2

the formation energyer Mn atomof the most important Mns-Mn, 2- FM 4 233 175
complexes involving Mn pairs is shown. The lowest energy 10_ ';m i é‘gg i?i
configuration among those studied aredvn, for Er upto  yn .mng 4 AFM 0 197 127
0.6 eV and the double substitutional ¥iMng; in n-type 2— AFM 0 -1.61 1.61
material, whereas the double interstitial (MVin, is always 0 FM 2 0.83 0.83
too high in energy to be an energetically stable configurationMni-Mn, 2= FM 4 I
A noticeable feature of Fig. 2 is that formation energies for 10_ AF;\AM g _g'gg g'gg
Mng-Mn, and Mns-Mng; complexes are lower in energy o M 2 140 1.40

than the sum of the formation energies for their individual
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ergy configuration, so that formation of dimers implies tran-is mostly a neutral defect and shows a FM spin alignment
sition to an AFM spin alignment; we therefore expect thatthat allows a net magnetization of the material. On the con-
only p-type conditions are favorable for the existence of atrary, Mng-Mng; is an acceptor and shows a preference for
magnetic activity in Mn-doped Si, while in-type conditions AFM alignment in those doping conditions where it is ener-
large Mn concentrations do not necessarily lead to a net maggetically stable. Therefore, we expect that Mn-doped silicon
netization of the material. will show magnetic activity only irp-type conditions.
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