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We present first-principles calculation of Mn-doped silicon nanowires. We discuss the energetics of both
isolated point defects and Mn dimers, where a different behavior of the magnetization vs doping curve is
predicted depending on the type of impurity. As a result of the broadening of the band gap, the range of doping
condition that favors the stability of the substitutional Mn defect increases with respect to bulk. We also show
that Mn dimers favor ferromagnetic alignment, discussing how the driving force to form aggregates has an
essential role to stabilize ferromagnetism in the nanowires.
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Recently, dilute magnetic semiconductors �DMSs� have
attracted much attention for the wide applicability of their
chemical and physical properties in spintronics.1,2 The re-
ported ferromagnetism �FM� of this class of compounds3 due
to the presence of transition metal impurities couples well
with the properties of electronic transport of traditional semi-
conductors, thus leading to the development of spin-
controlled electronic and integrated magnetic devices, i.e., a
high-speed device structure.1 After the success gained with
the II-VI �Ref. 4� and III-V �Ref. 5� compounds, the focus
has been extended to the analysis of group-IV-based
DMSs.6,7 In particular, moving from the encouraging results
about ferromagnetic MnxGe1−x,

8 the properties of similar
compounds such as MnxSi1−x have been investigated, al-
though nowadays they still remain a matter of theoretical and
experimental debate. Techniques based on molecular beam
epitaxy have been employed in order to highly dope Si with
Mn �about 5%�.9,10 Magnetron cosputtering has been used as
well for the deposition of Mn-doped Si thin films11 on Si
substrates. The initial film is amorphous, whereas once an-
nealed at 800 °C it is single-phase polycrystalline with a
room-temperature FM behavior.

A further challenge is the achievement of DMSs at the
nanoscale.12–14 Besides the intrinsic interest for future nano-
electronic applications, nanostructures can behave much dif-
ferently from their bulk counterparts. Wang et al.,15 for in-
stance, have shown that the magnetic coupling in Mn-doped
GaN nanowires is ferromagnetic unlike that in the thin film.
Very recently, Wu et al.16 have reported the room-
temperature FM of Mn-implanted Si nanowires �SiNWs�
grown through chemical vapor deposition. In particular, they
observe a linear dependence of the saturation magnetization
on the Mn concentration after annealing at 600 °C; at
800 °C annealing FM disappears and Mn atoms segregate to
the surface of the nanowires. Aiming at combining both
analysis on one-dimensional systems with that of magnetism
in DMSs, we performed ab initio calculations in order to find
out the preferential site of implantation of a Mn impurity in
a SiNW with a diameter of approximately 1.5 nm oriented
along the �111� axis, which is a very common growth orien-
tation. The analysis has been extended to the magnetism of
Mn dimers. We compare our results with the first-principles
calculations of energetics of Mn in bulk obtained by Bernar-
dini et al.6 where, in agreement with experimental results,

the existence of an energy-driven force for Mn to aggregate
and form dimers was demonstrated. The obtained results re-
veal that aggregation is still favored in SiNWs and plays a
significant role in stabilizing the system ferromagnetism.

We have performed spin-polarized first-principles calcula-
tions in the framework of density-functional theory as imple-
mented in the SIESTA package.17 We have used norm-
conserving pseudopotentials of the Troullier-Martins type18

for the core electrons, an optimized double-� polarized basis
set,19,20 and the generalized gradient approximation �GGA�
�Ref. 21� for the exchange and correlation energy. We have
used a large �111� SiNW supercell �c-axis lattice parameter
18.81 Å� to guarantee that there is enough separation be-
tween the impurity and its periodic images �16.5 Å has
proven to be sufficient for bulk Si�6 and a k-point sampling
of �1�1�4� according to the Monkhorst-Pack algorithm.22

We have relaxed the positions of all the atoms until the maxi-
mum force was lower than 0.04 eV /Å, with no constraint
either on the atomic coordinates or on the overall symmetry
of the wire. The equilibrium lattice parameter in thin SiNWs
is known to exhibit some deviations from the one of the
bulk;23 thus, the �111� axial lattice parameter has been ob-
tained from a separate calculation of the pristine wire where
the cell vectors have been optimized together with the atomic
coordinates. For consistency with Bernardini et al.6 the ref-
erence phase of Mn used to define its chemical potential was
the antiferromagnetic �AFM� fcc metallic structure. We have
considered the �2, �1, and 0 charge states for all defects.
Introducing a point charge within a periodic boundary-
condition scheme would result in a divergent electrostatic
energy. A common way to avoid this problem is using a
uniform neutralizing background and applying a posteriori
the Madelung correction to the total energy of the charged
systems.24 This formalism, originally proposed for molecules
and bulk systems, has to be properly generalized for one-
dimensional systems,25 where one must take into account the
difference between the axial and transverse dielectric con-
stants and generic cells shapes �the transverse dimensions of
the supercell being normally much larger than the axial
length�.

At first, we have studied isolated Mn impurities with the
purpose of elucidating which configurations are most stable.
We have considered: �i� substitutional manganese MnSi; �ii�
tetragonal interstitial manganese Mni

T, where the Mn atom
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occupies an interstitial position with four Si first neighbors;
and �iii� hexagonal interstitial manganese Mni

H, where the
Mn atom occupies an interstitial position with six Si first
neighbors. The structures are shown in Fig. 1. For each one
of these configurations we have calculated the formation en-
ergy as a function of the Fermi energy,25,26 taking into ac-
count the proper potential lineup,27 although it results in a
marginal correction. The results are shown in Fig. 2. We
have found a general agreement with the results obtained by
Bernardini et al.6 for n-doped bulk Si although some impor-

tant differences arise for p-type doping. As in bulk, in the
�111� SiNW the most stable defect for low values of the
electron chemical potential is the Mni

T. For n-type doping
�i.e., high values of the electron chemical potential� MnSi
prevails. A similar situation was observed for bulk Si.6 How-
ever, an important difference is that MnSi already becomes
the most stable point defect for values of the electron chemi-
cal potential around midgap, while for bulk Si the inversion
of stability occurred only in the very end of the spanned
range of Fermi energies. Also, the substitutional is �0.7 eV
more stable than Mni

T for values of the electron chemical
potential close to its upper limit; while in bulk the difference
was much lower, leading Bernardini et al.6 to suggest a pos-
sible coexistence of the two defects. For p-doping conditions
the difference in formation energies is about 1 eV. However,
when EF is close to the top of the valence band �ETVB� the
Mni

H, not considered in the analysis of Ref. 6, is favored over
the MnSi, thus lowering the difference of formation energy
between the most stable and the next most stable defects. For
both MnSi and Mni

T the Td symmetry is maintained with first
neighbors at 2.35–2.37 and 2.41–2.47 Å, respectively. The
relaxation of Mni

H is more complicated and the six atoms that
should ideally be first neighbors are at slightly different dis-
tances from the Mn impurity; this is an effect of the proxim-
ity of the H interstitial position �the only one available� to the
surface which makes the six first neighbors highly non-
equivalent. Also, we should note that in some cases Mni

H

relaxes in the course of the conjugate gradient �CG� optimi-
zation to a Mni

T position, indicating that the migration barrier
is very low.

It is interesting to observe that the defects considered
have a rather different population distribution between ma-
jority and minority spins �see Fig. 3�. Neutral MnSi has a
total magnetization of 3�B, where �B is the Bohr magneton,
and both the highest occupied and lowest unoccupied Mn
levels have majority spins �Fig. 3�a��. Therefore, a negative
charging of the defects, i.e., MnSi

− , results in an increase in
the magnetization to 4, while MnSi

+ will have a magnetization
of 2. On the other hand, in the case of the tetragonal inter-
stitial �Fig. 3�b�� both the last occupied and first empty elec-

FIG. 1. �Color online� Point defects studied. �a� Substitutional
manganese MnSi, �b� tetragonal interstitial manganese Mni

T, and �c�
hexagonal interstitial manganese Mni

H. Mn atoms are represented
by a light golden sphere, whereas for Si and H we use dark blue and
white spheres, respectively.
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FIG. 2. Formation energies of Mn point defects in 1.5 nm �111�
SiNW. The electron chemical potential is referred to the top of the
valence band and varies throughout the GGA band gap, which is
known to be an underestimation. Hybrid-functional calculation es-
timates a band gap of 2.35 eV for this wire �Ref. 28�. The charge
state and the total magnetization in units of the Bohr magneton �B

�in parentheses� are indicated in the figure.
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FIG. 3. �Color online� Density of states projected over Mn im-
purities �thin red line� for majority and minority spins for charge
neutral �a� substitutional impurity and �b� tetragonal interstitial. The
total DOS is also shown for reference �thick black line�.
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tronic states are minority Mn states. This results in a different
response of the magnetization as a function of the Fermi-
level position. Here Mni

T− has a lower magnetization because
an extra minority-spin state is populated, whereas Mni

T+ has a
higher magnetization as a minority-spin state is depleted. As
discussed above �Fig. 2�, the overall doping condition of the
wire determines the charge state of each defect and, conse-
quently, its magnetization. From the combined observations
of Fig. 2 and Fig. 3 we predict that an increase in the mag-
netization as the Fermi level moves toward the conduction
band is a clear signature of substitutional defects. On the
other hand, if the magnetization decreases as the wire turns
more and more n type, the defect most abundantly present is
an interstitial. In the hexagonal interstitial Mni

H �not shown�
the dependence of the magnetization on the charge state fol-
lows the same pattern than with Mni

T; but now, the localized
Mn peaks are broadened by the larger interaction with Si first
neighbors.

At variance with bulk, SiNWs have translational symme-
try only along the wire axis and the lattice sites are not ra-
dially equivalent. Common doping impurities, such as B and
P, have proven to favor surface segregation in SiNWs,29,30

which has potential negative implications concerning the
doping efficiency �dopants can then get easily passivated at
the surface�. We have, therefore, checked the dependence of
the formation energy of MnSi and Mni

T with the impurity
radial coordinate.31 We have found �see Fig. 4� a slight ten-
dency for both Mn defects to stay at the center of the wires.
This finding is apparently at odds with the experimental re-
sults of Wu et al.16 �see the discussion below�, where out
diffusion is believed to take place after high-temperature an-
nealing.

We now turn our attention to Mn complexes and to their
preferential magnetic ordering. We have studied substitu-
tional pairs MnSi-MnSi, tetragonal interstitial pairs Mni

T-Mni
T,

and substitutional-interstitial pairs MnSi-Mni
T. These pairs are

constituted by first-neighboring impurities. All these com-
plexes are stable and FM ordering is largely dominant �Fig.
5�. The noticeable exception is represented by the double
substitutional MnSi-MnSi where AFM ordering is favored for
n-doping conditions. For p-type and neutral dopings the
dimers align their magnetic momenta ferromagnetically, with
the MnSi-Mni

T prevailing over other complexes, except for

Fermi energies very close to the valence-band edge where a
coexistence with Mni

T-Mni
T, although still FM, is expected.

All these pairs—both in the FM and AFM alignments—
exhibit a tendency to favor aggregation, in agreement with
the results reported for bulk Si.6 The aggregation tendency
might seem an unfortunate occurrence as in principle it is not
compatible with the design of doping profiles and uniform
impurity distribution. An uncontrolled aggregation would
create Mn islands, making the use of the host semiconductor
for spintronic applications troublesome. In this case, how-
ever, aggregation acts as a stabilizer of the FM ordering. For
the dominant aggregate among those considered, MnSi-Mni

T,
we have studied the dependence of the FM/AFM energy on
the Mn-Mn separation. Figure 4 shows that only when the
impurities are first neighbors they align their magnetic mo-
ment ferromagnetically, favoring AFM ordering otherwise.
Therefore, although clustering is in principle an undesired
event, in the case of Mn in SiNWs, it appears to be necessary
to have FM-ordered dimers. Of course it is still possible that,
although the Mn atoms of one dimer align ferromagnetically,
the dimer-to-dimer coupling is absent or AFM. To rule out
this possibility we have studied two different MnSi-Mni

T com-
plexes in the same wire. We know that each dimer favors FM
order, i.e., ↑↑, but this setup allowed us to consider explicitly
the ↑↑ ↑↑ and the ↑↑ ↓↓ ordering. The ↑↑ ↑↑ FM phase
turned out to 0.14 eV more stable than the ↑↑ ↓↓ paramag-
netic phase, indicating that once the short-range alignment is
established, ↑↑ dimers favor an alignment of their magnetic
momenta, too.

Room-temperature magnetism in Mn-doped SiNWs was
reported in the work of Wu et al.16 after annealing their
ion-implanted SiNWs:Mn at 600 °C. On the other hand, an-
nealing at 800 °C was observed to destroy the FM character.
We propose the following explanation for these observations.
Interstitial impurities are more mobile defects than substitu-
tionals. �Gilles et al.32 showed that Mn diffusivity is strongly
reduced for n-doped samples as Mn substitutionals become
more abundant than interstitials.6� Then, noting that the com-
plexes that promote FM always include at least one intersti-
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tial Mn, the 600 °C temperature might be high enough to
allow the formation of FM-coupled pairs but low enough to
prevent the onset of other processes. The reason for the loss
of the magnetism in the SiNWs when the annealing tempera-
ture is set to 800 °C is less clear, and more experiments are
needed to clarify that process. Our calculations suggest two
possible mechanisms: �a� Double substitutionals can now
form and, for certain doping conditions, they favor AFM
coupling. �b� Uncontrolled aggregation occurs and large
single domain uncorrelated Mn clusters form. The formation
of large Mn clusters is compatible with the observations in
Ref. 16, although further experimental work is needed to
fully clarify this point. According to this scenario, the aggre-
gates observed on the surface of the wires16 are not precipi-
tates resulting from Mn segregation but rather Mn clusters
that form throughout the wire section which are only visible
on the surface.

Incidentally, we note that surface segregation would not
be consistent with our calculations that indicate a moderate
tendency for Mn impurities to remain in the core of the
wires. If surface segregation were indeed experimentally ob-
served, this discrepancy might be due to a variety of effects

not taken into account here, such as transient enhanced
diffusion33 or cluster diffusion.34

In summary, we have studied Mn impurities in �111�
SiNWs. The most stable Mn point defect turns out to be the
tetragonal interstitial for most of the doping conditions,
while substitutional Mn is favored for n doping similarly to
bulk silicon. Mn dimers are stable and their formation is
energetically favored. Such spontaneous aggregation turns
out to play a central role in the stabilization of FM ordering,
because as the separation between two Mn impurities grows
the AFM phase becomes more stable. Comparison with ex-
perimental results suggests that at too high annealing tem-
peratures uncontrolled clustering—or other enhanced dif-
fusion mechanism yet to be elucidated—takes place, destroy-
ing the magnetism
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