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The Mn /Si�111�-�3��3 surface has been studied in detail by low energy electron diffraction �LEED�,
angle-resolved photoelectron spectroscopy �ARPES�, and core-level photoelectron spectroscopy �CLS�. An-
nealing of the deposited manganese resulted in a well-ordered surface as seen by intense �3��3 LEED spots.

ARPES spectra recorded in the �̄-K̄-M̄ direction of the �3��3 surface Brillouin zone show five surface

related features in the band gap while in the �̄-M̄-�̄ direction four surface features are observed. The high-
resolution Si 2p CLS data were recorded at photon energies between 108–140 eV both at normal and 60°
emission angle. The bulk component was identified from the bulk sensitive spectrum recorded at a photon
energy of 108 eV. To achieve a consistent core-level fitting over the whole energy and angular range, five
components were introduced in the line-shape analysis. The photoemission data from the �3��3 surface have
been discussed and compared with a recent theoretical model. The findings here support a layered Mn silicide
film structure.
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I. INTRODUCTION

The interest in transition metals on well defined semicon-
ductors has increased over the last years. One main reason is
the possibility to combine semiconducting and magnetic
properties. The ability to use the spin degree of freedom of
the electron in the standard charge-based electronics could
lead to a tremendous improvement in data storage and
memory handling.1 It is, however, important to understand
the fundamental properties of those materials that are candi-
dates for applications in the field of spintronics.

Not much has been reported about the complex surface
grown when depositing a few monolayers �ML� of Mn on
Si�111�, where one monolayer is defined as the number of
topmost atoms in the unreconstructed Si�111� surface. The
low coverage regime has been investigated with scanning
tunneling microscopy �STM� by several groups reporting
surface morphology dependence on deposition rate, sub-
strate, and temperature.2,3 A modified Volmer-Weber growth
mode with island formation for a coverage up to 4 ML has
been observed.4 The growth and structural properties have
been studied for Mn silicide films up to 100 Å on
Si�111�-��3��3� :Bi and Si�111�-7�7.5–8 MnSi or �-Mn
was found to directly grow on a Mn induced �3��3 re-
constructed surface.7 The formation of manganese mono-
silicide films by codeposition of Mn and Si has been studied
using x-ray absorption, core-level, and valence-band
spectroscopies.9,10 Investigation of epitaxially grown manga-
nese silicide by angle-integrated valence-band photoemission
spectroscopy �PES� as well as Si 2p core-level spectroscopy
has shown a strain dislocation in the film at a coverage of 5
ML.11 A nonmetal to metal transition depending on the thick-
ness of the film has also been reported.12 In addition, a tem-
perature dependence for the formation of manganese sili-
cides with different ratios has also been studied.13

In this paper we present our experimental results re-
garding the electronic structure of Mn /Si�111�-�3��3.
The surface has been investigated in detail by angle-
resolved valence-band and core-level spectroscopies. The

Mn /Si�111�-�3��3 surface shows two continuous bands
and three partially resolved bands in the band gap. The high-
resolution Si 2p core-level spectra recorded at different pho-
ton energies and with different emission angles show four
core-level components which differ from those reported in
earlier studies.9,11

II. EXPERIMENTAL DETAILS

The photoemission study was performed at beamline 33 at
the MAX-lab synchrotron-radiation facility in Lund,
Sweden.14 The energy resolution of the angle-resolved
valence-band spectra presented here is �50 meV with an
angular resolution of �2°. The Si 2p core-level spectra were
obtained with an energy resolution of �90 meV and an an-
gular resolution of �2°. The pressure during evaporation
was �1�10−10 mbar, which is also similar during measure-
ments. Si�111� samples were cut from a Sb-doped �1 � cm�
single-crystal wafer and prepared by an etching method. The
Si�111� samples were cleaned in situ by stepwise direct cur-
rent heating up to 930 °C followed by rapid flash heating up
to 1230 °C. This procedure resulted in a well-ordered 7�7
surface as seen by low energy electron diffraction �LEED�.
Manganese was evaporated from a well outgassed electron-
beam evaporator �Omicron/Focus� at a rate of 0.5 ML/min.
The evaporator was carefully calibrated by a quartz-crystal
monitor. Evaporation of 3 ML of manganese followed by
postannealing at �400 °C for 5 min resulted in an intense
�3��3 LEED pattern as seen in Fig. 1. In our preliminary
STM studies,15 the film thickness was estimated to
�5–8 Å. Also, the topographic STM images show a very
well-ordered �3��3 reconstructed surface.

The work function has been determined by measuring the
total width of the valence-band spectra from the low energy
cutoff to the Fermi level �EF� at a photon energy of 21.2 eV
and a sample bias of −9.56 V. The value obtained for the
Mn /Si�111�-�3��3 surface is 4.57 eV. The pinning position
of the Fermi level with respect to the valence-band maxi-
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mum was estimated by comparing high-resolution Si 2p
spectra recorded at 130 eV for the clean Si�111�-7�7 and
the Mn /Si�111�-�3��3 surfaces. With a reference value of
0.65 eV for the Si�111�-7�7 surface,16 we obtain a value of
0.60 eV for the Mn /Si�111�-�3��3 surface.

III. RESULTS AND DISCUSSION

Figure 2�a� shows a set of angle-resolved photoemission
spectra from the �3��3 surface recorded at 100 K along the

�̄-K̄-M̄ line of the surface Brillouin zone �SBZ�. The spectra
show a clear metallic character as seen by the sharp Fermi

edge. In the �̄-K̄-M̄ direction five surface related features are
observed and are labeled as S1–S5. Figure 2�b� shows a set

of spectra recorded along the �̄-M̄-�̄ line of the �3��3
SBZ. In this direction four surface features that are spectrally
resolved can be correlated with four of the surface features

seen in the �̄-K̄-M̄ direction. These surface related features
presented here may be related to both the “bulk” of the Mn
silicide film and the Mn silicide surface.

In the �̄-K̄-M̄ direction S1 is well resolved between emis-
sion angles 8° and 20°, and reaches its maximum at an emis-

sion angle of 16°. In the �̄-M̄-�̄ direction S1 appears quite
weak in intensity at small emission angles. With higher emis-
sion angles, it is becoming more intense and appears as a

distinct peak. In the �̄-K̄-M̄ direction the surface state S2 is
best resolved at small emission angle between 0° and 8°, and
36°. S2 is weak in intensity over the whole angular range in

both the �̄-K̄-M̄ and �̄-M̄-�̄ directions. On the other hand,
the surface state S3 appears very strong at small emission

angles in both directions. In the �̄-K̄-M̄ direction S3 is only

resolved between 0° and 20° while in the �̄-M̄-�̄ directions
it is well resolved at every emission angle. The surface state

S4 is only observed in the �̄-K̄-M̄ direction and is first shown
up at an emission angle of 12°. At 26° S4 reaches its maxi-
mum and then it becomes weaker with higher emission
angles. The fifth surface state S5 is clearly resolved at an

emission angle of 12° in the �̄-K̄-M̄ and at 8° in the �̄-M̄-�̄.

At high emission angles this surface state becomes a distinct
peak in both directions.

The k-resolved energy dispersion E�k� of these states are
displayed in Fig. 3, where the main part is obtained from the
spectra in Figs. 2�a� and 2�b�. The shaded area represents the

Si bulk bands projected onto the 1�1 SBZ. At the �̄ point S1
is located 0.13 eV below the Fermi level and has a band-
width of 0.2 eV. This state forms a continuous band as it is

resolved at every k� point in both the �̄-K̄-M̄ and the �̄-M̄-�̄
directions. The surface state S2 is located 0.28 eV below the

Fermi level at the �̄ point and has a bandwidth of 0.25 eV. In

the �̄-K̄-M̄ direction it follows the periodicity of the �3

��3 SBZ since it has a local maximum at the M̄ point, and

local minima close to the first and second K̄ points. In the

�̄-M̄-�̄ direction it has a local maximum at the second �̄

point, and a local minimum between the M̄ point and the

second �̄ point. S3 is located 0.98 eV below the Fermi level

at the �̄ point and has a bandwidth of 0.3 eV. In the �̄-K̄-M̄

FIG. 1. LEED image of the Mn /Si�111�-�3��3 surface. The
sample temperature was 100 K and the primary energy of the elec-
trons was 46 eV. The intense �3-diffraction spots are clearly seen.

FIG. 2. ARPES spectra with various emission angles recorded at

100 K along the �a� �̄-K̄-M̄ and �b� �̄-M̄-�̄ lines of the surface
�3��3 SBZ. The photon energy was 21.2 eV and the incidence
angle for the photons was 45°. The five surface states are clearly
observed and labeled as S1–S5.

HIRVONEN GRYTZELIUS, ZHANG, AND JOHANSSON PHYSICAL REVIEW B 78, 155406 �2008�

155406-2



direction it has a maximum close to the first K̄ point while in

the �̄-M̄-�̄-direction it has a local maximum at the M̄ point,
and thus appears to follow the �3 periodicity. The surface

state S4 is only resolved in the �̄-K̄-M̄ direction. It has a

local maximum at the first K̄ point and a local minimum

close to the M̄ point. The surface state S4 is most likely not
related to S3 since they are located at different binding ener-

gies at the two M̄ points. In the �̄-K̄-M̄ direction the surface

state S5 has two local maxima close to the first and second K̄

points, and one minimum at the M̄ point. Evidently S5 fol-
lows the periodicity of the �3��3 surface Brillouin zone. In

the �̄-M̄-�̄ direction it has a small dispersion and no distinct
maximum or minimum is observed. The bandwidth of S5 is
around 0.2 eV.

In earlier valence-band PES studies, two main peaks were
observed.9–11 One sharp peak located �0.15 eV below the
Fermi level was assigned to Mn 3d states and a second broad
peak located �1.7 eV below the Fermi level was assigned to
the Mn 3d-Si 3sp derived bonding states. Comparing our
angle-resolved photoelectron spectroscopy �ARPES� spectra
with the previous data, one finds that the peak close to the
Fermi level in Refs. 9 and 10 consists of four surface states.
That is, one intense peak �S1� close to the Fermi level and
three more states with higher binding energies �S2, S3, and
S4�. The three latter states are not as intense as S1 and could

appear as a tail to the main peak close to the Fermi level in
an integrated PES spectrum. The second broad peak in Refs.
9 and 10 is similar to the surface state S5 as they are located
at similar energy below the Fermi level.

Figure 4 shows high-resolution Si 2p core-level spectra.
In order to fit the spectra over the entire energy and angular
range, a combined Shirley and parabolic background has
been used.17 In the fitting program,18 Voigt line shapes were
used with a Doniach-Šunjić singularity index of �=0.04 for
all spectra in order to take care of the metallic tails.19 The
Lorentzians were held constant at 0.085 eV and the spin-
orbit split at 0.602 eV. The branching ratios were varied be-
tween 0.45–0.55 for all components. The details about the
line fit are listed in Table I. Figure 4�a� shows the bulk sen-
sitive spectrum recorded at a photon energy of 108 eV. Two
components and a parabolic background are used to get a
satisfactory fitting. The main component is identified as a
contribution from the silicon bulk. Since at this photon en-
ergy the mean-free path of the electrons is large, one expects
to have a dominant contribution from the bulk. The second
component, labeled as C2, is shifted toward lower binding
energy by −0.266�0.025 eV. The details about this compo-
nent are going to be discussed below.

For the spectra in Figs. 4�b�–4�h�, recorded at photon en-
ergies from 120 to 140 eV, three more components, in addi-
tion to the bulk and C2 components, are needed to fit the
spectra in a satisfactory way. The existence of four compo-
nents: B, C1, C2, and C3, are clearly visible as peaks or
shoulders in the raw spectra in Figs. 4�b�–4�h�. These four
components proved insufficient to achieve a good fit and the
fifth component C4 had to be introduced to obtain a consis-
tent fit for all spectra over the whole energy and angular
range. Compared to the bulk component B, C1 is shifted
toward lower binding energy by −0.723�0.025 eV, and C3
and C4 are shifted to higher binding energy by 0.184�0.011
and 0.458�0.010 eV, respectively.

The Si 2p spectra, recorded with photon energies 130,
135, and 140 eV in Figs. 4�c�–4�e�, are more surface sensi-
tive than the spectra in Figs. 4�a� and 4�b� since with higher
photon energy the mean-free path of the electrons decreases
and reaches its minimum at a photon energy around 135–140
eV.20,21 It can be seen in Figs. 4�a�–4�e� that the C1 compo-
nent increases in intensity with higher photon energy. This
implies that C1 is surface related. Also, in the most surface
sensitive spectra recorded at 60° emission angles �Figs.
4�f�–4�h��, this component becomes stronger compared to
the normal-emission spectra. These facts, together with the
relative intensities in Table I, indicate that C1 is a surface
component.

C2, which is already present in the 108 eV spectrum, has
an increased intensity in the spectrum recorded at a photon
energy of 120 eV �Fig. 4�b��. In the more surface sensitive
spectra recorded at 130–140 eV �Figs. 4�c�–4�e��, C2 de-
creases slightly in intensity. This behavior implies a more
bulklike character for C2.

As expected, the bulk component B is continuously drop-
ping in intensity from about 75% in the 108 eV spectrum to
about 25% in the 140 eV spectrum �Figs. 4�a�–4�d��. Com-
paring the normal-emission spectrum recorded at 120 eV
�Fig. 4�b�� with the more surface sensitive spectrum �Fig.

FIG. 3. Band mapping scheme showing the dispersion of the

surface states along the �̄-M̄-�̄ and the �̄-K̄-M̄ directions of the
�3��3 surface Brillouin zone. Parts of the original spectra are
shown in Fig. 2. The spot size represents the intensity of the states
at different emission angles. The surface states are labeled as S1–S5.
The shaded area represents the projection of the Si bulk bands on
the 1�1 SBZ.
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4�f�� recorded at the same energy, the bulk component is
increasing in intensity. This behavior is contrary to the bulk
character seen by varying the photon energy, and is most
likely caused by photoelectron diffraction effects.

The third surface component C3, shifted toward higher
binding energy, has a low intensity in the normal-emission

spectrum recorded at 120 eV �Fig. 4�b��. But it is continu-
ously increasing in intensity in the successively more surface
sensitive spectra �Figs. 4�c�–4�e��. In the high emission angle
spectra �Figs. 4�f�–4�h��, the intensity of C3 is increasing in a
similar way. The intensity of the fourth surface component
C4 behaves the same way as C3.

FIG. 4. High-resolution Si 2p core-level spectra recorded at 100 K, ��a�–�e�� normal emission, and ��f�–�h�� 60° emission. All the incident
angles were 45°. The spectra were recorded with a photon energy of �a� 108, ��b� and �f�� 120, ��c� and �g�� 130, and ��d� and �h�� 140 eV.
The solid lines show the total contribution from the components used to fit the experimental data �circles�. Underneath each spectrum, the
residual lines from the fitting procedure are presented.

TABLE I. Parameter details used to fit the spectra in Figs. 4�b�–4�h�. In all spectra the Lorentzian FWHMs were kept constant at 0.085
eV and the spin-orbit splitting at 0.602 eV. The branching ratios were allowed to vary between 0.45 and 0.55. A singularity index of �
=0.04 has been used in all the spectra. Peak intensity variations are shown in percent �%� of the total intensity.

Component

Binding energy
shift
�eV�

Gaussian
FWHM

�eV�

Intensity �%�

108 eV 120 eV 130 eV 135 eV 140 eV

0° 0° 60° 0° 60° 0° 0° 60°

Bulk �B� 0.225 75.9 41.3 46.6 35.3 32.1 29.4 24.5 26.6

C1 −0.723�0.025 0.310 8.2 11.5 4.8 8.2 5.2 8.0 9.4

C2 −0.266�0.025 0.269 24.1 34.6 30.0 29.9 30.9 30.9 31.6 30.0

C3 0.184�0.011 0.280 14.6 10.2 24.1 23.2 27.6 28.6 27.2

C4 0.458�0.010 0.257 1.2 1.7 5.9 6.5 6.9 7.3 6.8
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In order to explain the line profiles, we have compared
our results to recent density-functional theory �DFT� calcu-
lations, in which a layered silicide structure has been
suggested.22 In this model the MnSi film can be matched to
the Si�111� substrate due to the similar size of the
Si�111�-�3��3 and the MnSi�111�-1�1 unit cells. The
film is built up of alternating layers of manganese and sili-
con. The so-called dense and sparse atomic layers contain
three and one atom per �1�1� unit cell of MnSi�111�, re-
spectively. The film is built up of two dense and two sparse
Mn layers. First, the interface is formed by a dense layer of
Si atoms followed by a sparse Mn layer, a sparse Si layer,
and a dense Mn layer. Second, this stacking sequence is done
twice. Finally, the film is terminated by a dense Si layer. In
total, the amount of Mn in this model is close to three ML
and each bulk unit cell of the MnSi contains eight Mn and
eight Si atoms. In Figs. 5�a� and 5�b� the atomic structure of
this film is shown in top and side views.

From the line-shape analysis one finds that the intensity of
C3 is three or four times larger than that of C1 and C3 is the
most surface sensitive component �see Table I�. These facts
strongly suggest that C3 may originate from the dense silicon
layer that terminates the surface and forms the well-ordered
�3��3 surface. According to the model of Ref. 22, C1
should have its origin from the first sparse silicon layer. This
is consistent with the size of C1 compared to C3. It is inter-
esting to note that C1 has a similar energy shift as the rest
atoms of the clean Si�111�-7�7 surface, although, in the
Si�111�-7�7 case, the shift to lower binding energy is
caused by charge transfer from the adatoms to the dangling
bonds of the rest atoms.20 Also, since C1 is clearly resolved
already at a photon energy of 120 eV, the origin for this
component might be from a layer beneath the topmost one.
In Table I the Gaussian width of C1 appears larger than the
others. This can be explained by the extra atoms on top of
the �3 surface, which has been observed by STM.11 These
extra atoms cause a disorder at the present site and result in
a broader Gaussian width.

The intensity of C2 varies only little among all the spectra
and indicates that C2 originates from layers below the sur-
face. Also, the appearance of C2 in the bulk sensitive 108 eV
spectrum clearly indicates a component that originates from
layers deep in the film, e.g., the Mn silicide. It is clear that
component B is the contribution from the Si bulk because of

its high intensity in the 108 eV spectrum �Fig. 4�a�� and its
low intensity in the more surface sensitive spectra. The last
component C4 cannot be particularly associated with a spe-
cific silicon site in the current model. There are, however,
two possible origins for this component, i.e., it is related to
disorder in the film or on the surface.

In earlier photoemission studies, Kumar et al.11 used three
components to fit a spectrum from a similar �3 surface. Two
components shifted toward lower binding energies with re-
spect to the bulk component by −0.23 and −0.58 eV. The
first component was identified as a contribution from the
silicide, which is in agreement with our results concerning
the similar core-level shift of C2. We do not find a clear
similarity to the second component in Ref. 11. But it is most
likely related to C1 in our paper since these two components
have a similar behavior in both experiments. On the other
hand, Magnano et al.9 only used two components to fit a
Si 2p spectrum for a similar surface. In that study the bulk
component was completely suppressed for the MnSi film.
They found that two components were shifted by −0.182
and −0.53 eV compared to the bulk component recorded for
the clean Si�111�-7�7 surface. Obviously, the previous fit-
ting of the Si 2p with three broad components is in contrast
with our results. In our photoemission spectra, five compo-
nents are needed to achieve a consistent fit over the whole
energy and angle range. As evidenced by small peaks and
shoulders in the raw spectra, the Si 2p core levels presented
here are well resolved compared with those in Refs. 9 and
11. Besides differences at sample temperatures �the current
experiment was done at 100 K while the earlier ones were at
room temperature�, there might be also Mn coverage differ-
ences among these experiments. We found that the
Mn /Si�111�-�3��3 LEED pattern is insensitive to excess
Mn coverage. Further deposition of Mn after 3 ML coverage
only results in an island formation of Mn silicide with the
�3��3 on the top. Consequently, it could strongly affect the
Si 2p line shape.

IV. CONCLUSIONS

In conclusion, the surface electronic structure of
Mn /Si�111�-�3��3 has been investigated by ARPES. Five

surface states are found in the �̄-K̄-M̄ direction and four in

the �̄-M̄-�̄ direction. In comparison with earlier results, a
more detailed analysis of the surface contributions from the
Si 2p spectra has been presented here. The reconstruction of
the �3��3 surface has been discussed and compared to a
theoretical model. Our photoemission data favor a
Mn /Si�111�-�3��3 model that consists of the top �3��3
surface, the Mn silicide, and the bulk structure.
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FIG. 5. �Color online� Atomic structure model of the MnSi film
with B20 structure, from Ref. 22. �a� Top view with the �3��3
unit cell indicated by the dashed line. �b� Side view of the film
structure in �a�. Small spheres represent Si atoms with top-layer
atoms shaded and large dark spheres are Mn atoms. The hexagonal
bonding pattern in �a� displays the Si substrate lattice.
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