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The influence of p- and n-type electronic dopants on Mn incorporation in bulk Si and Ge is studied
using first-principles calculations within density functional theory. In Si, it is found that the site preference
of a single Mn atom is reversed from interstitial to substitutional in the presence of a neighboring n-type
dopant. In Ge, a Mn atom is more readily incorporated into the lattice when an n-type dopant is present in
its immediate neighborhood, forming a stable Mn-dopant pair with both impurities at substitutional sites.
A detailed analysis of the magnetic exchange interactions between such pairs reveals a new type of
magnetic anisotropy in both systems.
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Diluted magnetic semiconductors (DMS) provide a fas-
cinating platform for fundamental studies of ferromagnetic
ordering mechanisms [1–3]. The discovery of ferromag-
netism in Mn-doped III-V semiconductors [4] has revived
interest in DMS as promising materials for developing
spintronic devices that employ the spin of electrons, in
addition to charge, as the signal carrier [5,6]. Recent ob-
servations of ferromagnetic ordering in Mn-doped bulk Ge
open the possibility of integrating magnetism with existing
silicon technology [7–9]. However, the low critical (Curie)
temperature of ferromagnetic ordering (much lower than
room temperature) remains one of the main obstacles for
potential device applications of DMS. Extensive theoreti-
cal and experimental studies of Mn-doped III-V and
group IV semiconductors indicate that the Curie tempera-
ture depends sensitively on the ability of magnetic dopants
to occupy substitutional versus interstitial sites [10–13]. To
precisely control the magnetic dopant distribution inside
the host semiconductors, it is necessary to understand both
the kinetics and thermodynamics involved in the growth
process [11]. A detailed understanding of the growth ki-
netics is particularly important, because the DMS are
typically in metastable states, grown by codoping the
magnetic dopants and host semiconductor atoms using
molecular beam epitaxy technique under nonequilibrium
conditions [4,7,8].

Separately, doping a pure semiconductor with electronic
impurities is a common approach in semiconductor tech-
nology to alter its electrical properties. It is natural to
expect that, for some electronic dopants, their binding
with the neighboring host atoms will be weaker than that
between host atoms. This aspect can be exploited to en-
hance the population of substitutional Mn in heavily doped
semiconductors.

In this Letter, we investigate the influence of conven-
tional n-type (P, As, Sb), and p-type (Al, Ga) electronic

dopants on the thermodynamic, kinetic, and magnetic
properties of Mn atoms in bulk Si and Ge. Our first-
principles calculations show that in Ge, an interstitial Mn
atom can easily replace a host atom adjacent to an n-type
dopant but cannot directly exchange with the dopant, lead-
ing to the formation of a Mn-dopant pair with both impu-
rities residing at substitutional sites. In Si, the site
preference of Mn is reversed from interstitial to substitu-
tional in the presence of an adjacent n-type dopant. The
strong thermodynamic stability of the substitutional
Mn–n-type-dopant pair structure is attributed to the oppo-
site charge states of the two elements in the host semi-
conductors: A substitutional Mn, acting as a p-type double
acceptor [14] in bulk Si or Ge, is attracted to a substitu-
tional n-type dopant. Moreover, a detailed analysis of the
relative stability of antiferromagnetic (AFM) and ferro-
magnetic (FM) orderings of such Mn–e-dopant pairs re-
veals that ferromagnetic coupling is favored in Ge,
whereas it is slightly weakened in Si. In addition, a new
type of strong magnetic anisotropy in the coupling of the
magnetic dopants is observed in both systems, and the
underlying physical reason is revealed.

Our spin-polarized first-principles calculations were car-
ried out using VASP [15], a density functional theory ap-
proach using the projector augmented wave (PAW) method
[16], the generalized gradient approximation (PBE-GGA)
[17] for exchange-correlation, and computational parame-
ters that ensure high accuracy and convergence [18]. The
‘‘climbing image nudged elastic band’’ (NEB) method [19]
is used to locate transition state geometries for the calcu-
lation of activation energy barriers. One extra Mn atom is
introduced per 64-atom cell (a 2" 2" 2 cubic supercell),
corresponding to 1.56% Mn concentration, comparable to
what was achieved experimentally [7–9].

We begin by examining the equilibrium structure of a
single Mn atom in bulk Si and Ge. To this end, we calculate
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the energy difference !E1 # $Esubst %!host& ! Einter be-
tween the interstitial and substitutional sites, using the bulk
as the natural reservoir for the displaced host atom, with
energy !host given by the bulk formation energy per atom.
Our calculations show that Mn has different site preference
in Si and Ge: In Si, !E1 # %0:58 eV, that is, the inter-
stitial site has lower energy and is preferred, whereas in Ge,
!E1 # !0:63 eV, that is, the substitutional site is pre-
ferred, consistent with previous work [20]. However, if
we consider an actual exchange process, which consists
of an interstitial Mn atom kicking out an adjacent host
atom to an interstitial site, with the Mn atom ending up in
the substitutional site left by the host atom and the host
atom remaining at the interstitial site near the Mn atom, we
find that the initial state (Ei) is more stable than the final
state (Ef) for both Si (by !E # Ef ! Ei # 2:03 eV) and
Ge (by !E # 0:82 eV). The calculated energy barrier for
this process is well over 2 eV in Si. In Ge, this barrier is
"a # 1:12 eV, whereas the reverse process has an energy
barrier of only "a0 # "a ! !E # 0:30 eV. Therefore, at
moderate growth temperatures, it is not feasible for inter-
stitial Mn atoms to incorporate into the substitutional sites
in pure Si or Ge. As an alternative, we investigate the
influence of n- or p-type electronic dopants in the imme-
diate neighborhood of an interstitial Mn atom.

As a first candidate, we consider the process in which an
interstitial Mn atom exchanges directly with a substitu-
tional electronic dopant (referred to as process I in Fig. 1).
In the initial state, the Mn atom resides at a nearest inter-
stitial site to the substitutional electronic dopant. We find
that the lowest energy configuration for the interstitial Mn
atom is the tetrahedral interstitial (IT), shown in Fig. 1(a)

for either n- or p-type dopant in Si or p-type dopant in Ge.
For n-type doped Ge, our first-principles calculations in-
dicate that the hexagonal interstitial site IH shown in
Fig. 1(c) is energetically preferred than the IT site. In
IT$IH&, the Mn atom has four (six) nearest neighbors with
the electronic dopant as one of the neighbors. In the final
state, the electronic dopant is pushed to an adjacent inter-
stitial site and the Mn atom moves into the substitutional
site, as shown in Fig. 1(b). Table I summarizes the calcu-
lated energy differences !E between the final and initial
states for n- and p-type dopants in Si and Ge. As noted
earlier, there is an energy cost associated with the transition
from initial to final state, which in undoped Si and Ge is
prohibitively high. This energy cost, defining the lower
bound of the activation energy barrier for the exchange
process, must be reduced to a value lower than '0:8 eV, a
necessary condition to produce a realistic time scale for
efficient incorporation (assuming a standard attempt fre-
quency of 1012 sec!1). As the results in Table I clearly
indicate, this is possible only for the P and As dopants in
bulk Ge (with !E # 0:33 eV and 0.42 eV, respectively).
For !E< 0:8 eV, it becomes important to calculate the
relevant activation energy barriers for incorporation, which
should also be below the '0:8 eV threshold. The activa-
tion energy barriers for P and As in Ge are 0.88 and
0.98 eV, respectively, making those processes unlikely to
occur under usual conditions. Furthermore, the reverse
processes (0.55 and 0.56 eV for P and As in Ge, respec-
tively) are more likely to occur, pushing the Mn atom back
into the interstitial site. The only possibility to keep the Mn
atom at the substitutional site is if the dopant atom can
diffuse away rapidly after being kicked out to the intersti-
tial site, so that the reverse exchange process cannot take
place. However, our calculations exclude this possibility.
Therefore, the Mn atom cannot easily incorporate into the
substitutional sites in bulk Si or Ge via such a direct
exchange process.

We consider next another possible exchange process, in
which an interstitial Mn atom adopts the position of a host
semiconductor atom next to a substitutional electronic
dopant (process II in Fig. 1). Similar to the cases for
process I, the low-energy initial structure for process II is
for the Mn atom to occupy the interstitial IT site but not as a
nearest neighbor of the electronic dopant atom, as shown in
Fig. 1(d). The exception is the case of n-type doped Ge,
where the preferred initial state is for the Mn to occupy the
interstitial IH site [Fig. 1(c)]. The common final state is
shown in Fig. 1(e), where the interstitial host atom, the
substitutional Mn atom, and the electronic dopant are
nearly collinear. Table I summarizes the calculated !E
values for n- and p-type dopants in Si and Ge for
process II. For n-type doped Ge, these values are substan-
tially lower than the corresponding values for process I,
and considerably below the threshold value of '0:8 eV.
Especially for the n-type dopants P and As, the initial and
final states have almost equal energies (!E close to zero).
The corresponding activation barriers for all the three

FIG. 1 (color online). Atomic structures and schematic energy
profiles of process I and process II. (a) Initial state of process I
with Mn in the IT position (except for n-type doped Ge);
(b) Final state of process I; (c) Initial state of process I and
process II for n-type doped Ge with Mn at the IH position;
(d) Initial state of process II (except for n-type doped Ge), with
Mn at the IT position; (e) Final state of process II.
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n-type dopants are also much lowered, less than 0.4 eV.
These, then, appear to be much more likely kinetic pro-
cesses, leading to substitutional Mn atoms in close prox-
imity to n-type electronic dopants. Qualitatively, the
energetic and kinetic modifications obtained here can be
attributed to the electrostatic attraction between the p-type
Mn and n-type electronic dopants.

We note that the energy differences between the initial
and final states depend on the Mn concentration, but the
qualitative picture that the n-type dopants facilitate substi-
tutional incorporation of Mn is valid for all the experimen-
tally accessible Mn concentrations considered here [21].

An obvious concern arising from the above discussions
is the thermodynamic stability of the Mn-dopant pair
structure. To address this, we have calculated the energy
difference !E2 # $Epair %!host& ! Einter, where Epair is
the total energy of the Mn-dopant pair complex without
the kicked-out host interstitial Si or Ge atom nearby, and
Einter is the total energy of the Mn interstitial in the initial
configuration of process II. In doing so, we take the pre-
ferred structure of the Mn-dopant pair to be the final state
of the easy exchange process (process II) but with the
interstitial host atom having diffused away and become a
bulk atom. As before, the bulk chemical potential !host of
Ge or Si represents the reservoir energy for the displaced
host atom. Table II lists the calculated values of !E2. The
sign and magnitude of this quantity determines the ther-
modynamic stability of the Mn-dopant pair complex.
Table II shows that the substitutional Mn in Ge becomes
much more stable in the presence of a neighboring sub-
stitutional n-type dopant, as compared to undoped Ge.
More interestingly, for Si, the site preference of Mn is
reversed from interstitial to substitutional by introducing
a neighboring n-type dopant. Therefore, the substitutional
Mn-dopant pair structure will be stable once it is formed in
either Si or Ge.

We finally focus our attention on the magnetic property
of the hybrid Mn-dopant systems. Because the hole con-
centration associated with the Mn dopants might be par-
tially compensated by the n-type electronic dopants, their
presence could be undesirable at first sight, as the magnetic
coupling between the Mn ions relies on the mediation of

the delocalized holes [1–3]. This concern can be addressed
by investigating the influence of the n-type dopants on the
magnetic coupling between Mn atoms incorporated in Ge
or Si. To this end, we calculate the total energy difference
between the AFM and FM states of two Mn-dopant pairs as
a function of the distance of the two Mn atoms at 3.13%
concentration, analogous to previous calculations for Mn-
Mn interaction in pure semiconductor hosts [22–24]. The
results are shown in Fig. 2. Since a substitutional Mn atom
has four nearest neighbors, each of which can be the site of
the n-type dopant atom, there are a total of 16 possible
combinations for the positions of the two electronic dop-
ants for a given Mn-Mn distance. We have considered all
the possible nonequivalent configurations, for each of
seven Mn-Mn distances in the range 2.4–9.5 Å in Si and
2.5–10.0 Å in Ge. The number of nonequivalent configu-
rations is 2, 6, 3, 7, 7, 3, and 2 at the different Mn-Mn
distances of increasing order. The corresponding energy
differences are represented by the open circles in Fig. 2 for
the case of As as the electronic dopant, and the energy
difference averaged over all the different configurations at
a given Mn-Mn distance is by the solid circle. As refer-
ences, we also show the AFM-FM energy differences for
two Mn ions in pure Ge, represented by the diamonds in
Fig. 2. The behavior of the AFM-FM energy difference is
oscillatory between positive and negative values as a func-
tion of the distance (but decreasing along different direc-
tions [22–24]). In contrast, here we find that the average
interaction energy between the two Mn=As pairs in Ge
always favors FM coupling except at the nearest Mn-Mn

TABLE II. Relative energy of substitutional and interstitial Mn
with the existence of a neighboring substitutional n-type dopant,
defined as: !E2 # $Epair %!host& ! Einter (in eV). Negative val-
ues indicate higher stability of the substitutional configuration
over the interstitial. The relative energy of substitutional and
interstitial Mn in pure Si or Ge are included for comparison.

P As Sb Undoped

Si !0:84 !0:87 !0:81 %0:58
Ge !1:35 !1:42 !1:42 !0:63

TABLE I. Calculated energy differences !E # Ef ! Ei (in eV) between the final and initial states of process I and process II,
illustrated in Fig. 1. "a (in eV) is the activation energy for a transition from the initial to final state. Results highlighted in bold
correspond to processes for which !E or "a or both are <0:8 eV.

Bulk Si Bulk Ge
X !E X !E "a

Process I Process II Process I Process II Process I Process II
Si 2.03 Ge 0.82
P 1.46 0.89 P 0:33 0:03 0.88 0:34
As 1.55 1.09 As 0:42 0:05 0.98 0:25
Sb 2.48 1.27 Sb 1.42 0:22 0:38
Al 1.24 2.05 Al 0.94 1.54
Ga 1.79 2.43 Ga 1.05 1.52
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distance. Furthermore, by examining the magnitudes, we
conclude that the presence of the n-type dopants at least
preserves the strength of the FM coupling between the two
magnetic ions rather than substantially weakens it. More
importantly, at a given Mn-Mn distance, the relative stabil-
ity of the AFM and FM states exhibits strong anisotropy,
which is more pronounced at the Mn-Mn distances of 4.1 Å
and 6.3 Å. Detailed analysis [21] reveals that As as
n-dopant can enhance the local magnetic moments of
neighboring Mn atoms, but itself can only be weakly
spin polarized (much weaker than Ge). Therefore, when
As substitutes a bridging atom between two Mn atoms, the
global magnetic coupling will be weakened; when As is
located only to enhance the magnetic moments of Mn, with
Ge still bridging the Mn-Mn coupling, the global magnetic
coupling will be enhanced. Similar results are also ob-
served in As doped Si.

In summary, we have studied the influence of different
types of conventional electronic dopants on the thermody-
namic, kinetic, and magnetic properties of Mn atoms in
bulk Si and Ge using first-principles calculations. For both
systems, it is energetically favorable and kinetically acces-
sible for an interstitial Mn to occupy a substitutional site
neighboring an n-type dopant, thereby increasing the con-
centration of substitutional Mn ions. Furthermore, the
magnetic coupling between two Mn-dopant pairs exhibits
strong anisotropy at certain Mn-Mn distances, and in Ge
ferromagnetic coupling is always favored for all Mn-Mn
distances larger than the nearest neighboring distance.
Both enhancements, in the substitutional Mn concentration
and magnetic anisotropy, may offer new opportunities for

increasing the Curie temperature of group-IV-based diluted
magnetic semiconductors.
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Note added.—After the submission of this paper, a
related study appeared, reporting experimental evidence
on the drastically different influences on the magnetic
properties when a low concentration of n-type (I) or
p-type (N) electronic dopants are co-doped with the mag-
netic dopants (Cr) in a host semiconductor (ZnTe) [25].
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FIG. 2 (color online). Total energy difference between AFM
and FM states versus Mn-Mn separation at 3.13% Mn concen-
tration in bulk Ge with only two Mn impurities (diamonds), or
with two Mn=As pairs (open circles). The solid circles are
averaged over the open circles for a given Mn-Mn distance.
Insets: the atomic structures of two representative n-dopant
configurations with the strongest and weakest magnetic coupling
between a Mn-Mn pair, whose locations are fixed at the next
nearest neighboring distance.
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