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Abstract – A high solubility and site preference for Mn doping in Si are the two keys for realizing
high-Curie-temperature ferromagnetism in Si1−xMnx. First-principles calculations reveal that
both the substitutional and interstitial Mn are more favored on the Si surface than in bulk, and
the substitutional Mn is more favored than the interstitial one on the reconstructed clean Si(100)
surface. However, during molecular beam epitaxy, the surface is prone to further reconstructions
due to the continuous deposition of feeding species. Neither substitutional nor interstitial Mn
is favored, similar to that in Si bulk. Deposition of submonolayer of Pb onto the surface can
restore the electronic structure of the clean surface and the favorability of the substitutional Mn,
enhancing the Mn incorporation into Si significantly.

Copyright c© EPLA, 2018

Introduction. – The discovery of ferromagnetism
in transition-metal–doped semiconductors has triggered
tremendous studies on the mechanism of the ferromag-
netic ordering as well as on their potential applications in
spintronics [1–9]. The transition metal Mn, which is ex-
pected to have the largest magnetic moment in the doped
semiconductors, is generally used as the dopant. The fer-
romagnetic doped semiconductors are usually called di-
luted magnetic semiconductors (DMSs). One of the key
properties of these DMSs is the Curie temperature of the
ferromagnetic transition, of which the currently obtained
highest value is ∼180 K for Ga1−xAsMnx [10–12], much
lower than the room temperature that is highly required
by the modern electronics. Thus, to increase the Curie
temperature to room temperature or above in DMSs is
the central task of the related research [13,14].

Given the technological prevalence of Si, DMS based
on Si is mostly interested. A relatively high Curie tem-
perature is predicted for Mn-doped Si by mean-field the-
ory [15,16]. However, due to the high formation energies
of the Mn dopants in Si, the solubility of Mn is very
low [17–19]. In experiments, Mn-ion implantation [16] and
Mn δ-doping in molecular beam epitaxy (MBE) [20,21] are

(a)E-mail: lxzhang@nankai.edu.cn

always employed. In Mn-ion implantation, the permanent
damage to the Si lattice is harmful to the performance of
the DMS. In Mn δ-doping, although the growth temper-
ature of the material is lowered and the dynamics of the
Mn atoms is limited, the resulted thin films often suffer
the problem of phase separation into various SiMn phases
on the surface. DMS with high Curie temperature based
on Si is not reported conclusively so far.

Other than the solubility, the preferred occupation sites
of the Mn dopants in Si are also very important to the
strength of the exchange interactions between the Mn
magnetic moments and to the Curie temperature. Thus to
control the occupation site of Mn is another key to realize
the expected room temperature ferromagnetism in Si.

As is well known, on the surfaces, due to the geometry
change and the reconstruction of the surfaces, the favora-
bility of an impurity or a defect can change dramatically
with respect to that in the bulk [22–25]. So, during MBE,
we can take advantage of the rich surface reconstructions
of the semiconductors. We can tune the structure of the
semiconductor surfaces, e.g., by deposition of various alien
atoms. From these reconstructions, we can possibly find
many surfaces that may favor more the formation of Mn
impurity than that in the bulk. With some unique ele-
ments or under some special conditions, we may even find
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surfaces on which the substitutional Mn can be more fa-
vored than the interstitial one. With further epitaxy of
the semiconductors, although some of the formed substi-
tutional Mn may become interstitials through thermal dif-
fusions, a large part of the substitutionals can be kept in
the original configuration as on the surface due to the large
barriers for the Mn diffusions from substitutional sites to
nearby interstitial ones [24].

In this paper, taking the Mn doping through the Si(100)
surface in MBE as a prototype system, we show a suc-
cessful example of doping trend reversal by tuning the
surface structure. We study the various reconstructions
of the Si(100) surface and the competition between the
formation of substitutional and interstitial Mn on these
surfaces. It is revealed that on the clean surface with the
popular 2 × 1 reconstruction, not only the formation en-
ergies of the Mn impurities are much lowered than in the
bulk, but also and more interestingly, the formation of
the substitutionals is more favored than the interstitials,
contrasting to that in the bulk. However, during MBE,
such a reconstruction is prone to further reconstructions
due to the continuous deposition of feeding species. Nei-
ther interstitial nor substitutional Mn is more favored. To
grow high-Curie-temperature Si-based DMS, the key is to
restore the unique electronic structure of the 2 × 1 recon-
struction of the clean surface. By studying the effect of
Pb on the surface, we find that the Pb-induced reconstruc-
tion resembles electronically the clean surface and can fa-
vor the substitutional Mn doping again, given that the
Pb atoms can exclude other alien atoms on the surface.
Thus, using proper surfactants could be an efficient way
to enhance the substitutional Mn doping in Si for high-
Curie-temperature DMS.

Methods. – The calculations are performed using the
Vienna ab initio simulation package (VASP) [26] based
on the density-functional theory. The cutoff energy for
plane-wave expansion is 300 eV. We use the projector
augmented-wave (PAW) method and the GGA exchange-
correlation functional [27]. The Si(100) surface is modeled
by a slab with a 4

√
2×4

√
2 surface cell, containing 12 lay-

ers of Si atoms, of which the bottom layer is passivated by
H atoms. The thickness of the vacuum layer is more than
10 Å and the M-P k-point mesh is 2×2×1. The calculated
equilibrium lattice constant for bulk Si is 5.46 Å, in good
agreement with experimental value of 5.43 Å [28].

For various surfaces, their energies are calculated by

Es = Ed − Eclean − m · μPb − n · μH, (1)

where Ed is the total energy of the H- or Pb-decorated sur-
face and Eclean the clean surface, m and n are the number
of Pb and H atoms on the surface. The formation energy
of a substitutional Mn at the Si(100) surface is given by

E
(s)
f = Etot − Eref + μSi + l · μH − μMn, (2)

where Etot is the total energy of the Mn substituted sur-
face, Eref is the total energy of the corresponding Si(100)

Fig. 1: (Color online) The perspective views of (a) a MnSi and
(b) a Mni in bulk Si. All of the substitutional sites (designated
by S) for Mn are identical in bulk Si. All of the interstitial
sites (designated by I) are identical as well.

surface (acting as the reference) without Mn, and l is the
number of H atoms simultaneously removed from the ref-
erence structure. The symbols μSi, μH, μPb and μMn are
the chemical potentials of Si, H, Pb and Mn. The cal-
culated chemical potentials of Si, Pb, and Mn in their
bulk phases are −5.43 eV, −3.54 eV, and −8.89 eV, respec-
tively. The calculated chemical potential of H in gas H2
is −3.38 eV. For an interstitial Mn, the formation energy
is simply given by

E
(i)
f = Etot − Eref − μMn. (3)

Results and discussion. – In fig. 1, the configura-
tions of a substitutional Mn (MnSi) and an interstitial Mn
(Mni) in bulk Si are shown. Their formation energies are
calculated and listed in the bottom of table 1. If we use the
bulk energies of Si and Mn for μSi and μMn, the formation
energies of the two types of Mn are 2.60 eV and 2.15 eV,
respectively. The two relative large positive values indi-
cate that the formation of neither Mn impurity is favored
in bulk Si. It can be further seen that the MnSi is more
unfavored by 0.45 eV than the Mni. The relative large for-
mation energy and the less favorability of the MnSi in Si
are the two obstacles for realizing Mn-doped DMS in Si.

We should note that part of the calculations in this
study has already been done in many previous studies,
i.e., ref. [25] and reference therein. Our results are agree-
able with them. The reason we show them in the paper
repeatedly is twofold. One is for consistency and the con-
veniences of the readers, one is for the different perspec-
tives of the calculated data.

In fig. 2(a), the atomic structure of the clean Si(100) sur-
face with the popular 2 × 1 reconstruction is shown. This
structure is energetically the most favored and is charac-
terized by the dimer rows composed of alternating buckled
dimers. Unlike in bulk, at the top surface layer, there are
three types of substitutional sites, as designated by S1, S2,
and S3, and two types of interstitial sites, as designated
by I1 and I2, respectively. The two Si atoms at the S1
and S2 sites form the so-called buckled dimer. For Mni,
the I2 site is always more favored than the I1 site, thus in
table 1, the formation energies for the Mni are all for I2
sites. For MnSi, the formation energies at the three sur-
face sites are contrasting. At S2 site, the formation energy
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Table 1: The surface energies of various Si(100) surfaces, and the formation energies of the most favored MnSi and Mni at these
surfaces.

Surfaces Surface energy Substitutional Mn MnSi Interstitial Mn Mni

(per 4
√

2 × 4
√

2 unit Formation energy E
(s)
f Structural Formation energy E

(i)
f

cells) configuration

Clean surface 0(a) −1.39 − μMn + μSi (2.07)(b) S1 −7.98 − μMn (0.91)(b)

(0)(b) −3.27 − μMn + μSi (0.19) S2

−1.62 − μMn + μSi (1.84) S3

H-fully −138.90 − 32μH 0.08 − μMn + μSi (3.54) S1 −6.36 − μMn (2.53)
decorated (−30.84) 3.96 − μMn + μSi + μH S1, with the H on

(4.05) S1 removed
7.39 − μMn + μSi + 2μH (4.10) S1, with two H’s

on the dimer
removed

−0.41 − μMn + μSi (3.05) S3

Pb-decorated 25.68 − 16μPb + 16μSi −3.36 − μMn + μSi (0.10) S2 −7.9 − μMn (0.98)
(−4.58) −2.51 − μMn + μSi (0.96) S3

Pb- and −36.83 − 16μPb + 16μSi −1.11 − μMn + μSi (2.35) S2 −8.18 − μMn (0.71)

H-decorated −16μH 2.34 − μMn + μSi + μH (2.42) S2, with the H
(−13.07) removed

−1.36 − μMn + μSi (2.10) S3

Bulk – −0.86 − μMn + μSi (2.60) – −6.74 − μMn (2.15)

(a) The values of the energies are in units of eV and the energy of the reconstructed clean surface is set to 0.
(b) The values in the brackets are the corresponding energies with µSi = −5.43 eV, µH = −3.38 eV, and µPb = −3.54 eV.

(0.19 eV) is the lowest. Two points can be drawn from the
data in table 1 for the clean surface. One is that the for-
mation energies of both Mn impurities at the surface can
be much lowered than that in the bulk. The other is that
the formation energy of a MnSi (the lowest is 0.19 eV),
contrasting to that in the bulk, can be lower than a Mni
(the lowest is 0.91 eV). The conclusion is that, with this
surface structure dominating, the solubility of Mn can be
greatly enhanced, and the Mn dopant prefers to occupy
the substitutional site. With the epitaxy going on, the
substitutional doping will dominate in the Mn-doped Si
which is highly required for DMS.

The electronic origin is obvious for this result. As shown
in fig. 2(b), in the buckled Si dimer, a simple electron-
counting rule [29] requires that the Si at the S1 site has
a fully filled dangling bond and the Si at the S2 site has
a fully empty dangling bond. With Mn (usually takes
the 2+ charge state) substituting the Si (four valence
electrons) at the S2 site, the system can still satisfy the
electron-counting rule by just emptying the dangling bond
at the S1 site which usually has a higher energy level (the
Si atom will relax downward). Thus the structure with the
substituting Mn at the S2 site is very stable. The Mn atom
can also substitute the Si at S1 site and the remained Si
at the S2 site relaxes upward which results in an identical

Fig. 2: (Color online) (a) The atomic structure of the clean
Si(100) surface. The buckled dimers alternate along the dimer
row direction. Different substitutional sites (S1, S2, and S3)
and interstitial sites (I1, I2) at the surface are designated.
Schematics for the chemical bonds (b) in a Si dimer and (c) in
a Si-Mn pair with a MnSi at the S2 site. The filled and empty
ovals stand for the filled and empty chemical (dangling) bonds.

structure. On the other hand, the two electrons from an
interstitial Mn must fill the dangling bond at the S2 site
(originally empty) which is even higher in energy. Thus,
it is the unique reconstruction of the 2 × 1 surface that
makes the MnSi more favored than the Mni at the Si(100)
clean surface, and both are more favored than in the bulk.
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Fig. 3: (Color online) (a) The atomic structure of the H- fully
decorated Si(100) surface. The large relaxations on the clean
surface are totally reduced. The S1 site and the S2 site are
identical, thus the S2 site is not designated again. (b) The
atomic structure of the Pb and H- decorated Si(100) surface.

It seems that the above results contradict the experi-
ments. From MBE experiments on the Si(100) surface, it
is well known that the Mn-doped DMS is very hard to re-
alize. This indicates that the MnSi could not be favored at
the growth front surface, or to say that the buckled dimer
row structure of the clean surface may not dominate dur-
ing the MBE process.

We know that the buckled dimer row structure is usually
obtained in high vacuum, and after very demanding sur-
face cleaning processes [30]. In MBE however, the above
conditions for the surface could not be satisfied due to
the continuous feeding of the source species. With feeding
species on the Si(100) surface, the buckled dimer struc-
ture is no longer stable and further reconstructions will
take place. We can use the difference between the relax-
ations of the S1 and S2 sites (ΔRS12) as a measure of the
further reconstruction of the surface. Generally speaking,
the feeding species on the clean surface will reduce the
value of ΔRS12.

Here, we take hydrogen as a representative feeding
atom. In fig. 3, the reduced surface under 1 monolayer of
hydrogen is shown. It can be seen that the distinct surface
sites S1 and S2 in fig. 2 become identical at the hydrogen
fully covered surface, i.e., ΔRS12 = 0. We calculated the
energy of this surface as well as the formation energies
of MnSi and Mni. The results are shown in table 1, too.
We see that firstly, the H-decorated surface is more stable
than the clean surface. Under hydrogen-rich condition, the
surface energy is ∼1 eV (−30.84/4

√
2/4

√
2) lower per unit

cell than that of the buckled dimer structure. Secondly,
both of the formation energies of the MnSi and Mni (the
lowest values are 3.05 eV and 2.53 eV, respectively) are
increased rather than decreased with respect to the coun-
terpart bulk values. There are no sites at the surface for
MnSi to be more favorable than the Mni. This indicates
that neither MnSi nor Mni is favored on such a surface.
This result seems more consistent with the experiments
which showed that phase separations on the surface
dominate [31].

Fig. 4: (Color online) (a) The atomic structure of the Pb-
induced Si(100) with 1/2 monolayer of Pb on the surface. Note
that the Si at the S2 site has similar configuration to that
in fig. 2. Schematics for the chemical bonds in (b) a Pb-Si
pair and in (c) a Pb-Mn pair after the Mn substitution on the
surface. The filled and empty ovals stand for the filled and
empty chemical (dangling) bonds.

It is natural to wonder if there are atoms that function
distinctly from the hydrogen atoms on the surface. With
these atoms the surface can keep the ΔRS12 value of the
clean surface as much as possible. Inspired by ref. [20],
we turn to Pb which is in the same group as Si but with
much larger radius. It also has four outermost electrons
but divided into two subgroups. On the Si(100) surface,
Pb will float on the surface and act as a surfactant [32].
Furthermore, Pb can replace half of the surface Si atoms
and turn the buckled Si dimer row structure into a buck-
led Pb-Si pair row structure. In fig. 4 the most stable
Pb-induced surface reconstruction is shown. Because the
Pb atoms are chemically bonded to the Si lattice, being
less active than Si, and much heavier than other feeding
atoms, they will remain on the surface as a stable sur-
factant during the MBE process. This means that the
Pb-Si pair structure, unlike the Si buckled dimer struc-
ture of the clean surface, can be more robust against the
feeding species. In the Pb-induced reconstruction, the Si
atom at S2 site is chemically similar to that on the clean
surface. It is expected that the substitutional Mn can be
favored again.

The surface energy and the formation energies for Mn
dopants are calculated and the results are listed in table 1,
too. We can see that the energy of the Pb-decorated sur-
face (−4.58 eV per 32 unit cells) is lower than that of the
clean surface under the Pb-rich condition. For the sub-
stitutional Mn and the interstitial Mn at the surface, the
most favorable formation energies (0.10 eV and 0.98 eV)
both are lower than their bulk counterparts. More im-
portantly, the substitutional Mn could be more favorable
than the interstitial one similar to that on the clean sur-
face. The electronic origin is also similar to that on the
clean surface as shown in fig. 4. After the Mn substitut-
ing at the S2 site, the structure can satisfy the electron-
counting rule by emptying the dangling bond on the S1
site as shown in fig. 4(c).
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The Pb-decorated surface is not immune to H. As shown
in fig. 3(b), the H atoms will bind to the Si atoms at S2
site on the surface. As shown in table 1, the surface energy
can be further decreased (to −13.07 eV per 32 unit cells)
with respect to the Pb-decorated surface. At this time,
the substitutional Mn is no longer favored. At the S2 site,
the formation energy of a substitutional Mn is close to
that in the bulk again. For interstitial Mn, on the other
hand, the formation energy is much lower than that in the
bulk. This indicates that with Pb and H on the surface,
the interstitial Mn is the most favored. This can also be
explained by a simple electron counting of the system. In
the interstitial case, the two electrons on Mn are nominally
donated to the Pb atom where the empty dangling bond
can be just filled (lower than the conduction band).

There is one more issue to be clarified. On the Pb- and
H-decorated surface, if Mn substitutes the Si at the S2
site with the H atom simultaneously removed, the con-
figuration is similar to the one on the Pb-decorated sur-
face which means that locally the electronic environments
for Mn atoms should be similar, too. In the later case
the formation energy of the substitutional Mn is very low,
as low as 0.10 eV. But, in the former case, it is 2.42 eV
(see table 1). Why are the formation energies of the two
cases different so much? This is because the energies of
the respective reference structures in the formation energy
calculations are different. In the former case, it is the Pb-
and H-decorated surface whose energy is lower. In the
later case, it is the Pb-decorated surface whose energy is
higher. This tells us that to maintain a relatively high en-
ergy of the surface is the key for the favored substitutional
Mn doping.

There is another important issue with the incorporation
of the transition metal atoms on the growth surface. That
is the interaction between these atoms when their density
is high on the surface. We can calculate the paring en-
ergy as the method discussed in a recent review [2]. Our
calculations show that on the clean Si (100) surface, inter-
stitial Mn atoms expel each other and substitutional ones
attract. Two Mn atoms located at the nearest-neighbour
Si sites on two consecutive layers along the (100) direc-
tion have the lowest pairing energy of −0.79 eV, which in-
dicates a strong clustering tendency for the incorporated
substitutional Mn atoms on the Si (100) surface. On a
Pb-decorated surface, the results are similar. In these
cases, there is also no preference for the two Mn atoms
to bind either ferromagnetically or antiferromagnetically,
contrasting to that in e.g., III-V semiconductors [33]. This
poses some extra challenges to the control of growth con-
ditions. In theoretical side, the entropy term and diffusion
kinetics should be further studied to shed more light on
this issue.

Conclusion. – In conclusion, our study shows that
during the Mn incorporation into Si in the MBE process,
the surface dynamical structures play the key roles. The
clean Si (100) surface usually assumes a buckled dimer

structure which is favorable for Mn substitutional doping.
Unfortunately during MBE, this structure is no longer
dominating. Further calculations show that the submono-
layer of Pb on the surface not only can restore the unique
electronic structure of the buckled dimers, but also can
make the induced reconstruction live longer than the buck-
led dimer structure of the clean surface. H is detrimental
to the substitutional doping of Mn and should be rigor-
ously excluded during Si MBE. Our work further approves
that surface science study is important to resolve the many
difficulties encountered in the growth of various functional
materials.
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V., Korzhavyi P. and Turek I., Phys. Rev. Lett., 93
(2004) 137202.

[14] Reed M. L., El-Masry N. A., Stadelmaier H. H., Ri-

tums M. K., Reed M. J., Parker C. A., Roberts J. C.

and Bedair S. M., Appl. Phys. Lett., 79 (2001) 3473.

47001-p5



Jin Li and Lixin Zhang

[15] Dietl T., Semicond. Sci. Technol., 17 (2002) 377.
[16] Bolduc M., Awo-Affouda C., Stollenwerk A.,

Huang M. B., Ramos F. G., Agnello G. and LaBella

V. P., Phys. Rev. B, 71 (2005) 033302.
[17] Bernardini F., Picozzi S. and Continenza A., Appl.

Phys. Lett., 84 (2004) 2289.
[18] Mukhopadhyay S. and Harrison N. M., J. Magn. &

Magn. Mater., 324 (2012) 3748.
[19] Stroppa A., Picozzi S., Continenza A. and Freeman

A. J., Phys. Rev. B, 68 (2003) 155203.
[20] Kahwaji S., Gordon R. A., Crozier E. D., Roorda

S., Robertson M. D., Zhu J. and Monchesky T. L.,
Phys. Rev. B, 88 (2013) 174419.

[21] Zhang Y., Jiang Q., Smith D. J. and Drucker J.,
J. Appl. Phys., 98 (2005) 033512.

[22] Erwin S. C., Zu L., Haftel M. I., Efros A. L.,

Kennedy T. A. and Norris D. J., Nature, 436 (2005)
91.

[23] Ohtake A., Hagiwara A. and Nakamura J., Phys.
Rev. B, 87 (2013) 165301.

[24] Zhu W., Weitering H. H., Wang E. G., Kaxiras E.

and Zhang Z., Phys. Rev. Lett., 93 (2004) 126102.
[25] da Silva A. J. R. and Fazzio A., Phys. Rev. B, 70 (2004)

193205.
[26] Kresse G. and Hafner J., Phys. Rev. B, 47 (1993)

R558; 49 (1994) 14251.
[27] Perdew J. P., Burke K. and Ernzerhof M., Phys.

Rev. Lett., 77 (1996) 3865.
[28] Wyckoff R. W. G., Crystal Structures, Vol. 1, second

editon (Wiley) 1963, pp. 26–27.
[29] Zhang L., Wang E. G., Xue Q. K., Zhang S. B. and

Zhang Z., Phys. Rev. Lett., 97 (2006) 126103.
[30] Krause M. R., Stollenwerk A. J., Reed J. and La-

Bella V. P., Phys. Rev. B, 75 (2007) 205326.
[31] Men’shov V. N., Tugushev V. V., Caprara S. and

Chulkov E. V., Phys. Rev. B, 83 (2011) 035201.
[32] Xiao Q. F., Kahwaji S., Monchesky T. L., Gordon

R. A. and Crozier E. D., J. Phys.: Conf. Ser., 190
(2009) 012101.

[33] Gonzalez Szwacki N., Majewski J. A. and Dietl T.,
Phys. Rev. B, 83 (2011) 184417.

47001-p6


