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Theoretical investigation of a possible MnxSi1Àx ferromagnetic semiconductor
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~Received 18 July 2003; published 29 September 2003!

We investigate theoretically the possibility of growing, under appropriate conditions, a MnxSi12x sample
with a high enough concentration of substitutional Mn impurities. Through the study of a variety of interstitial
and substitutional sites, for a Mn impurity on the Si~100! bare and hydrogenated surface, as well as in adjacent
inner layers, we have found that it might be indeed possible to grow such a compound, since the formation
energies for the interstitial and substitutional sites at the Si~100! surface are identical. We also suggest means
to identify and distinguish these structures experimentally.
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The recent development of diluted ferromagne
semiconductors1–4 ~DMS’s! in III-V ~Ref. 5! and II-VI ~Ref.
6! Mn-based compounds opened up the possibility of ap
cations such as sensors, memories, as well as for comp
tions based on the electronic spin degrees of freedom, w
has brought a great deal of attention to this kind of mater
Recently, a new class of ferromagnetic semiconduct
MnxGe12x , has been reported, which is based on the te
nologically important type-IV compounds.7 Even though all
these DMS materials are quite interesting from a technolo
cal point of view, it would be extremely important if a S
based DMS material could be synthesized, given that Si is
far the most important semiconductor for electronic devic
In the present paper we address the issue of how feasib
would be to grow a high concentration MnxSi12x .

One question may be asked: Why can there be a DM
MnxGe12x and not a DMS-MnxSi12x? Since the electronic
structure of Si and Ge are so similar, one would expect
for large enoughx, MnxSi12x would become ferromagneti
below some critical temperature, as it happens
MnxGe12x . Therefore, the important point is if these valu
of x can be achieved. The main difference between Si:
and Ge:Mn is that Mn is an interstitial impurity in S
whereas in Ge it is a substitutional impurity. We suggest t
this might be precisely the reason why Ge can be a fe
magnetic semiconductor: a substitutional impurity such
Mn in Ge cannot diffuse as easily as an interstitial one, s
as Mn in Si.8,9 Therefore, one can introduce a large enou
impurity concentration without diffusing them until they ca
find other impurities and form clusters.

From the above, we decided to investigate theoreticall
Mn can be grown under non-equilibrium conditions in su
stitutional sites in Si. Clearly, to achieve both this situation
Mn occupying a less stable site as well as a largex ~the
solubility of Mn in Si is known to be low10!, the best possi-
bility seems to be the deposition of Mn using low
temperature molecular-beam epitaxy~LT-MBE!. This LT-
MBE approach was fundamental in developing III-V bas
DMS’s.5 Therefore, we have studied in detail the stability
Mn atoms on the Si~100! surface, comparing these resu
with Mn in the bulk. We have found that the formation e
ergy for a substitutional Mn impurity is the same as for
interstitial Mn impurity on the topmost surface layer. Th
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indicates that it is, in principle, possible to grow a MnxSi12x
material with Mn occupying substitutional sites.

We have performedab initio calculations based on
density-functional theory within the generalized gradient a
proximation ~GGA!.11 We have used ultrasof
pseudopotentials12 and a plane-wave expansion up to 230 e
as implemented in theVASP code.13 For the surface calcula
tions we have used a supercell containing a slab with eigh
layers, with 16 Si atoms in each layer, saturated with H
oms at one side, and a vacuum region of 10.6 Å, as repo
elsewhere.14 The two bottom Si layers and the H atoms we
held fixed. The Brillouin zone was sampled using thek point

at (1
2 , 1

2 , 1
2 ). For bulk calculations, we have used a 64-ato

supercell and a Monkorst-Packk-point sampling of 333
33. All structures were considered relaxed when all for
components were smaller than 0.02 eV/Å.

The formation energy of an interstitial neutral impurit
EF

I , is calculated as

EF
I 5Etot

de f2Etot2mMn , ~1!

whereEtot
de f is the total energy of the supercell with the d

fect, Etot is the total energy of the supercell without th
defect, andmMn is the Mn chemical potential.15 For substi-
tutional impurities the formation energyEF

S is given by

EF
S5~Etot

de f1mSi!2Etot2mMn , ~2!

wheremSi is the chemical potential of Si.15

The formation energy of an interstitial tetrahedral imp
rity in Si is found to be 2.47 eV; as stated before, this is
most stable site for a Mn impurity in Si. The substitution
impurity has a formation energy of 2.90 eV, and the hexa
nal interstitial has a formation energy of 3.00 eV. The ma
netic moment for the substitutional impurity is higher th
the interstitial one. In the substitutional site the magne
moment is 3.14mB , whereas in the tetrahedral interstitial
is 2.46mB . The magnetic moment in the hexagonal site
2.37mB .

The usual way to study adatoms on surfaces is to pl
them in the desired sites and let the atoms relax to a lo
minimum in the potential-energy surface~PES!. If con-
straints are applied, it is possible to study configurations t
are not PES minima. We have studied many adsorption s
©2003 The American Physical Society10-1
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on the surface, and also on the inner layers, for many dif
ent spin configurations. In the following, we will discus
only the most stable sites~all of them being local minima in
the PES! for the lowest-energy spin configuration in ea
case.

Figure 1 shows schematically five positions for the M
impurity atom. For sites 1 and 18, the Mn atom is adsorbed
on the surface~topmost, or first, supercell layer!, whereas for
sites 2, 3, and 4 the Mn atom is located in the second, th
and fourth layers, respectively. The most stable siteon the
surface~first layer! is site 1, on top of a dimer row, betwee
two dimers, the so-called pedestal site. It is followed by s
18, which is 0.23 eV higher in energy. All the other inves
gated sites on the surface have energies that are higher
site 1 by at least 1.3 eV, which makes them less relevan
the present study. The overall lowest-energy configura
that we have found is for Mn in site 2, i.e., a site where
Mn atom occupies an interstitial position near the seco
layer, below a surface dimer. This dimer is displaced
.1 Å, away from the surface, and it becomes unbuckled

FIG. 1. ~a! Top and~b! side view of the supercell used in th
calculations. The Mn positions discussed in the text are marke
1, 18, 2, 3 and 4.
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this site, the Mn atom is highly coordinated, having nine
atoms around it with distances between 2.22 Å and 2.62
The energy difference between site 1, the most stable on
surface, and site 2, our global minimum, is 0.67 eV.

For all the studied sites, we have calculated their form
tion energies using Eqs.~1! and ~2! above.15 For site 1, we
have found a formation energy of 1.61 eV, whereas for site
we have found a formation energy of 0.94 eV. As can
seen, these formation energies are much smaller than
lowest bulkEF of 2.47 eV. In Fig. 2 we show the variation o
the formation energy as the Mn atom is moved from t
surface towards the bulk~i.e., as it is placed in deeper laye
of our supercell!. The results for the bare Si surface~nonhy-
drogenated! are represented by squares. We can observe
the formation energy initially decreases, as the atom g
from the first to the second layer, and then increases tow
the bulk value as the Mn is moved further into deeper laye
In the fourth layer, the difference in the formation ener
with respect to the impurity in the bulk crystal is alread
small, as can be seen in Fig. 2.

At sites 3 and 4, which have an approximateTd local
symmetry, the Mn atom already has a magnetic configura
very similar to the bulk one. The magnetic moment at site
is 3.00mB , and at site 4 it is 2.95mB . At both surface sites 1
and 18, the Mn atoms has a magnetic moment of 3.78mB ,
which is higher than in the interstitial bulk case. This w
expected, since on the surface the crystal field is suppose
be smaller than in the bulk. As a result, the exchange sp
ting will be larger than the crystal-field splitting, resulting
a high-spin system.10,16,17

Returning to the question if it would be possible to gro
MnxSi12x with Mn at substitutional sites, we have, therefor
also studied Mn as a substitutional impurity on the Si~100!
surface~first layer! and the subsurface~second layer! ~see
Fig. 2!. The lowest-energy configuration in the first layer
with Mn in place of a Si dimer atom in theup position, with
a formation energy of 1.60 eV. A similar configuration, wi

as

FIG. 2. ~Color online! Variation of the formation energy with
the depth of a Mn impurity in the slab. Squares are the results
interstitial sites~sites 1, 2, 3, and 4 in Fig. 1! and stars are the
results for substitutional sites. The diamonds are also the result
interstitial sites, but for a hydrogenated Si surface. The large
represents the limit of a Mn interstitial impurity in bulk Si. All line
are guides to the eyes.
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Mn replacing a Si dimer atom in thedownposition, hasEF
51.98 eV. The formation energy of a substitutional site
the second layer is 2.47 eV, much higher than in the fi
layer, but still 0.33 eV lower than the formation energy of t
substitutional impurity in bulk Si. The Mn magnetic mo
ments are 3.87mB and 2.65mB for the substitutional sites in
the first~lowest-energy configuration! and second layers, re
spectively. Using the same argument as before, it was
pected to have a Mn impurity in the first layer with a high
magnetic moment because of a lower crystal field.

We have also investigated the Si~100! hydrogenated sur
face, which exhibits different characteristics from the ba
surface. First of all, the dimers are not buckled anymo
with one H atom bonded to each Si surface atom. As th
are no dangling bonds on this surface, it becomes less r
tive. In this case, the most stable position for the adsorp
of one Mn atom is on the trough, between two dimer row
with a formation energy of 2.52 eV. In the bare surface,
adatom is bonded to Si dimer atoms. On the hydrogena
surface, on the other hand, this cannot happen since th
atoms are fully saturated. Site 1, now, is 0.5 eV higher
energy than the trough site. As the Mn atom is moved i
deeper layers, the formation energy decreases monotoni
towards the bulk value. Contrary to the bare surface,
second-layer site is not the most stable one anymore. In
fourth layer, the formation energy is already very close to
bulk crystal value~see Fig. 1!. The Mn substitutional impu-
rities for the hydrogenated surface configuration are a
highly unfavorable. For example, the formation energy fo
Mn impurity in a second-layer substitutional site is 3.30 e
much higher than in the bare surface case. In order to be
understand this difference between the hydrogenated
bare surfaces, we have analyzed the total charge-density
tribution for both cases~Fig. 3!. In Figs. 3~a! and 3~b! we
present contour plots for the total charge density in pla
that are parallel to the surface and that contain the Mn at
for Mn adsorption on the Si surface. For the clean surf

FIG. 3. Total charge densities for the Mn at different interstit
positions. Mn on the first layer~site 1! for ~a! the bare and~b! the
hydrogenated surface. The plane shown is in the growth direc
at the height of the Mn impurity. Mn in the second Si layer~site 2!
for ~c! the bare and~d! the hydrogenated surface. The plane sho
is in the @100# direction, passing through the Mn impurity. It i
possible to observe the surface dimers in all figures.
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@Fig. 3~a!#, it is possible to observe the tendency of the Mn
bind to four Si surface atoms, whereas in the hydrogena
case@Fig. 3~b!#, where the Si dangling bonds are fully sat
rated, there is only a small interaction between two Si s
face atoms and the Mn. This explains the higher format
energy in these latter case. For a Mn interstitial in the sec
layer~site 2 of Fig. 1!, we observe that for both the bare@Fig.
3~c!# and the hydrogenated@Fig. 3~d!# surfaces, the Mn atom
interacts strongly with the Si atom right under it~at the
fourth layer!. In the case of the bare surface, we can obse
that the surface dimer becomes symmetric and there is
strong, direct bond between these atoms and the Mn im
rity. It is also possible to see how these Si dimer atoms
pushed out from the surface due to the presence of the
impurity just below them. For the hydrogenated surface,
the other hand, the impurity seems to bind more strongly
both these atoms from the first surface layer, causing a ‘‘r
ture’’ of the dimer bond, with the overall result of an increa
in the formation energy.

From our calculations, we observe that~i! the formation

l

n,

FIG. 4. ~Color online! Theoretical STM images. Left side
empty state images. Right side: filled state images. Panels~a! and
~b!: interstitial Mn at site 1, located at the brightest spot in bo
images. Panels~c! and ~d!: interstitial Mn at site 2, located unde
the unbuckled dimer, which is observed as a bright, symmetr
spot in both images. Panels~e! and ~f!: substitutional Mn on the
Si~100! surface. In panel~e! Mn is observed as the brightest spo
whereas in image~f!, it is basically invisible. All images were gen
erated integrating in an energy window of 2 eV from the Fer
energy.
0-3



ch

e
ul

a
en
th

e,
s

V.
n

el
io
be

a
n
to
o-
ig
i
r

n
tu

he
ired
al

t

-
en
on

-

ible

nal

nts,
s
at

ere.
bi-
n

ent

ies
ter

BRIEF REPORTS PHYSICAL REVIEW B68, 113310 ~2003!
energy of a Mn impurity on the bare surface is very mu
reduced when compared to the bulk value and~ii ! for this
situation, the substitutional site has the same formation
ergy as the interstitial site. As a result, it seems that it co
be feasible to grow, under appropriate conditions,
MnxSi12x with a desirable concentration of substitution
Mn impurities. However, we also obtained that the prefer
tial site, close to the surface, is an interstitial position at
second layer. To achieve the goal of growing MnxSi12x with
substitutional Mn, it would be interesting if Mn could b
somehow, prevented from reaching this site. We have e
mated the diffusion barrier18 for the Mn atom to go from site
1 to site 2~see Fig. 1!, and we have found a value of 0.96 e
This value is smaller than the diffusion barrier for a M
impurity to diffuse in bulk Si~1.17 eV!.9 Therefore, it seems
that the growth temperature would have to be relativ
small in order to reduce the occupation of this adsorpt
site. It should be mentioned that, assuming that it will
possible to place a high enough number of MnSi , many other
relevant effects will have to be understood in detail, such
what will be the interaction between the substitutional a
interstitial Mn atoms, and if this interaction will lead also
clustering and, potentially, to difficulties in attaining a ferr
magnetic semiconductor. However, albeit these points m
be important the really crucial question that will determine
one should pursue this detailed understanding any furthe
can a MnxSi12x alloy, with MnSi , be grown experimentally?

Finally, it is fundamental to have a practical way to ide
tify Mn at interstitial sites 1 and 2 and also a Mn substi
tl,
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.
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tional on the surface, in order to monitor, for example, if t
growth conditions are leading to an increase of the des
configuration. With this in mind, we calculate theoretic
scanning tunneling microscopy~STM! images14 for these
configurations, i.e., Mn interstitials at sites 1@Figs. 4~a! and
4~b!# and 2@Figs. 4~c! and 4~d!# and a substitutional Mn a
the surface@Figs. 4~e! and 4~f!#. As can be seen, the STM
images will be sufficiently different to allow for a clear iden
tification of Mn impurities at these different sites, even wh
they are buried at site 2, since in this case the Si dimers
top of Mn will provide the clue to distinguish this configu
ration.

In conclusion, our results suggest that it might be poss
to grow, probably using low-temperature MBE, MnxSi12x
samples with a high enough concentration of substitutio
Mn to show magnetic properties similar to MnxGe12x DMS.7

We suggest that temperature controlled MBE experime
for small Mn coverage on Si~100!, using STM measurement
to monitor where the Mn atoms are going, similar to wh
has been done for Si and Ge growth on Si~100!,19 should be
performed to test the feasibility of the ideas presented h
Finally, the use of small amounts of Ge might help to sta
lize the substitutional Mn, since in a Si-rich SiGe alloy, a M
substitutional atom prefers to be in a Ge rich environm
rather than in a Si rich environment.20
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