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This study makes reference to the surface structure of MnAs�0001� epilayers grown by molecular beam
epitaxy through a multitechnical method that combines scanning tunneling microscopy �STM�, x-ray photo-
electron spectroscopy �XPS�, grazing incidence x-ray diffraction �GIXD�, and ab initio calculations. Two
surface reconstructions were studied, i.e., the �2�2� and the �3�1�. Photoemission measurements provided
quantitative information about �i� the surface coverage of both surfaces and �ii� the atomic environment of
surface atoms. An atomic structural model has been proposed for the observed reconstructions. On the basis of
STM observations and ab initio calculations the �2�2� phase is constituted by As trimers adsorbed on an
underlying Mn layer of bulk MnAs, while x-ray diffraction analysis, coupled with STM, showed that the �3
�1� reconstructed surface is constituted of long and narrow As chains aligned with the �110� GaAs substrate
equivalent directions.

DOI: 10.1103/PhysRevB.74.155412 PACS number�s�: 68.35.Bs, 68.55.�a, 68.37.Ef, 68.47.De

I. INTRODUCTION

The surface structures of MnAs epilayers grown on GaAs
substrates have been studied by several groups in the last
years.1–6 MnAs is a ferromagnetic metal with a hexagonal
structure �P63/mmc�, NiAs type, a=3.72 Å, and c=5.71 Å.
Since it grows epitaxially on GaAs�001� and GaAs�111�B,
ferromagnetic metal/semiconductor heterostructures for
“spintronics” could be realized. Recently, low temperature
tunneling magnetoresistence �TMR� was reported for
MnAs/GaAs/MnAs tunnel junctions.7 The polarized injec-
tion efficiency remains however limited, due to a small den-
sity of defects in the semiconducting barrier that are created
during the low temperature growth required to avoid inter-
diffusion. The defects work like deep-level impurities in the
band gap, leading to a resonant tunneling magnetoresistance
phenomenon. With the purpose of tailoring hybrid junctions
and, in particular, to reduce the defect density in the III-V
barrier, a better knowledge of the structure of interfaces and
surfaces is still required. Indeed, the observed surface recon-
structions of MnAs are driven by the surface stoichiometry6

and, consequently, they can determine the interface stoichi-
ometry of the MnAs/GaAs tunnel barrier. It has also been
related that this latter parameter is of the highest importance
for spintronic related studies.2 Moreover, it was shown that
only a 7 nm thick GaAs barrier covers completely the MnAs
surface. Scanning tunneling microscopy �STM� observations
of thinner GaAs barriers8 revealed the presence of uncovered
zones of MnAs that are detrimental to spintronics since they
can generate pinholes. These uncovered regions could be
easily identified after STM imaging since fingerprints of

MnAs surface reconstructions had already been reported in
Ref. 6.

The investigation reported in this paper is motivated by a
better understanding of the atomic structures of the MnAs
surface reconstructions. In Ref. 6 we had already reported
the existence of three different surface reconstructions, i.e.,
the �3�1�, the �2�2�, and a mixture of phases �2�2�
+ �3�1�. The stability of each reconstruction was shown to
be dependent of As covering of the surface. It was also
shown that these surface reconstructions were stable at room
temperature. In situ STM and reflection high energy electron
diffraction �RHEED� measurements permitted us to put for-
ward the hypothesis that the �3�1� reconstruction is com-
posed of long and narrow As-constituted structures �chains�,
aligned with the �110� GaAs substrate’s equivalent directions
�see Figs. 1�a� and 2�a� of this paper�. This surface recon-
struction is As richer than the �2�2� �Fig. 1�c��. A mixture
of phases �2�2�+ �3�1� �Fig. 1�b�� is also observed. Two
surface atomic models were also proposed for the �2�2�
reconstruction on the basis of STM analysis. Both models,
presented below, show that this surface is As terminated but
they diverge in respect to its atomic structure.5,6 If STM mea-
surements may supply useful indications about the surface
structure of a given reconstruction, a more complete study
remains unavoidable to confirm the validity of such models.
In this paper we have combined STM, x-ray photoemission
spectroscopy �XPS�, and grazing incidence x-ray diffraction
�GIXD� in order to determine the atomic structure of the
�2�2� and �3�1� reconstructed surfaces. Ab initio calcula-
tions are also employed to determine the precise atomic
structure of the �2�2� reconstruction.
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II. EXPERIMENTAL AND CALCULATION DETAILS

Growth. The MnAs epilayers were grown in a III-V mo-
lecular beam epitaxy �MBE� system on a GaAs�111�B sub-
strate �Si-doped, 1018 cm−3� with samples mounted with in-
dium on a molybdenum plate.6 The sample temperature was
checked with a thermocouple placed at the back of the plate
and double checked with an infrared pyrometer. Before the
MnAs growth, a thin GaAs buffer layer was deposited at
580 °C under As-rich conditions. The streaky and intense
RHEED pattern attested the flatness of the buffer layer,
which displayed a ��19��19�R23.4° reconstructed surface
during growth.9 While cooling, the surface evolved to
�2�2� below �480 °C, when the As shutter was closed.
The MnAs growth, performed at the substrate temperature of
280 °C, started by opening the As shutter followed after a
few seconds by the Mn shutter. The epilayers investigated
here were 100 nm thick and grown at a rate of �2.5 nm/
min. The epilayers displayed the epitaxial relations already
described in Refs. 10 and 11: �0001�MnAs	�111�GaAs-B and

FIG. 1. STM images of the MnAs�0001� surface. The image was
recorded at +1.895 V sample bias and 0.204 nA tunneling current.
�a� The surface is �3�1� reconstructed; the point indicated by “m”
is an As terrace; �b� mixture of phases �2�2�+ �3�1�; �c� the
surface is �2�2� reconstructed. As desorption by annealing leads
the �3�1� towards the �2�2� reconstruction. White arrows indi-
cate GaAs substrate directions. Insets are reported to show atomic
features of the surfaces.

FIG. 2. �Color online� Structural atomic model for: �a� the
�3�1� reconstructed surface and �b� the �2�2� surface
reconstruction.
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�2̄110�MnAs	�01̄1�GaAs-B. The STM images were col-
lected in situ.

Next, samples were transferred in a UHV portable cham-
ber from the MBE chamber to the LURE-SUPERACO SB 7
beamline devoted to XPS studies. No C or O contaminations
could be detected by XPS, attesting the efficiency of the
UHV transfer. The photoemission measurements were car-
ried out in a high resolution electron spectrometer �Scienta
2002� coupled with a Dragon monochromator. Spectra were
collected in the normal emission mode; the total instrumental
energy resolution was about 0.2 eV, as measured from the
Fermi edge of a thick Fe film. The incidence angle of the
photon beam was 45° off the normal surface.

The photoemission spectra of the two reconstructed sur-
faces were measured on the same sample. The initial
�3�1�-reconstructed surface, stabilized in the MBE chamber
before UHV transfer to the photoemission experimental
setup, was carefully analyzed. Next, the surface was an-
nealed under UHV until the appearance of a �2�2� surface
following the procedure reported in Ref. 6.

The As-3d core level emissions of the �3�1� and
�2�2� reconstructed surfaces were analyzed. Two photon
energies �250 eV and 150 eV� were used in order to put into
evidence surface contribution with respect to bulk and also to
check for any undesired interference with Auger peaks. The
electron escape depths ��� were estimated at 6±1 Å and
9±1 Å for photon energies of 150 eV and 250 eV, respec-
tively.

GIXD experiments were carried out to test the atomic ar-
rangement of the �3�1� surface given in Ref. 6. Concerning
the �2�2� surface reconstruction, the bulk contributions of
the well known orthorhombic �-MnAs phase11 overlapped
with the fractional rods of the �2�2� reconstruction preclud-
ing atomic surface structural analysis. This lack of feasibility
for surface structure determination motivated the comple-
mentary ab initio calculations on this surface that will also
be presented in this paper.

The DW12 beamline at LURE-DCI was equipped with a
MBE facility directly connected to a UHV z-axis diffracto-
meter devoted to surface diffraction. The MnAs epilayers
were grown with the same procedure already discussed be-
fore. After the growth, a low energy electron diffraction
�LEED� survey of the �3�1� surface was performed and the
sample transferred under UHV to the diffractometer. Data
were collected with 15 keV monochromatic radiation, with
the incident beam set at the critical angle for total external
reflection ��=0.18° �. A total of 22 in-plane factionary order
reflections and four factionary rods were measured. Data
analysis and structural refinement were performed with the
ANA and ROD codes supplied by Vlieg.12 Corrections specific
to the z-axis geometry of the instrument were applied to
correct the geometrical factors.13

Ab initio calculations were performed to determine the
atomic configuration of the �2�2� reconstructed surface.
These calculations were based on density functional theory
�DFT� �Ref. 14� to compute the energy of an As trimer added
on a clean surface and forming a �2�2� reconstruction. Cal-
culations were performed using the code PWSCF.15 Spin-
polarized DFT, which is an essential ingredient for the pre-

cise description of MnAs bulk,16 was used. For the exchange
and correlation potential, generalized gradient approximation
�GGA� with the Perdew-Wang parametrization17 was used.
Pseudopotentials were generated according to the Vanderbilt
scheme,18 and the wave functions were expanded in plane
waves up to a 30 Ry cutoff. The integration over the elec-
tronic states was performed using a Gaussian broadening of
0.02 Ry.19 To simulate the surface, a supercell geometry ap-
proach was used. This comprised a slab of 5 layers with an
in-plane periodicity corresponding to a �2�2� bulk unit cell.
The same number of As atoms were added to each of the two
surfaces of the slab so as to preserve the inversion symmetry
along the z axis. The slabs were separated by 8 Å of vacuum.
An integration grid of 6�6�4 electronic k points was used,
and all the atomic positions were relaxed until the force on
each atom was less than 1�10−3 Ry/Bohr. The total number
of atoms for a slab was 26, which corresponds to 14 As
atoms plus 12 Mn. More details are given below.

III. RESULTS AND DISCUSSION

A. STM images

The MnAs�0001� surface reconstructions will be pre-
sented with the help of STM images. During growth the
predominant surface reconstruction was �2�2� that re-
mained stable when cooling down to room temperature.
However, after the growth process, when the sample was
cooled down to 200 °C under As overpressure, the surface
evolved to a �3�1� reconstruction with three different do-
mains rotated by 120° to preserve the substrate surface’s
symmetry. A mixed phase could also be stabilized for inter-
mediary processes. The room temperature STM images in
Fig. 1 show large scale areas of the �3�1�-reconstructed
surface �As chains are visible in the inset�, �b� the mixed
phase �2�2�+ �3�1�, and �c� the �2�2� surface. After the
monitoring of the RHEED patterns’ evolution from the �3
�1� to the �2�2� surface induced by a small Mn flux, it was
possible to establish that 1.5 ML of Mn is required to induce
this transition. This experiment provided a quantitative sto-
ichimetry difference between both surfaces. With the help of
atomic resolved STM images we advanced some hypotheses
about the atomic structure of these two surfaces.6

The �3�1�-reconstructed surface model is based on the
bulk As atomic structure. Indeed, the structural similarities
between rhombohedral bulk arsenic �a=3.76 Å, c=10.55 Å�
�Ref. 20� and MnAs �a=3.72 Å, c=5.71 Å� supports the
structure proposed in Fig. 2�a�. Topmost As atoms occupy
positions close to the bulk As lattice on top of an hexagonal
As layer �the As-terminated bulk truncated MnAs �0001�
plane�. The difference is that only 2 atoms occupy the three
sites of the surface unit cell �see Fig. 2�a�� that corresponds
to a final arsenic coverage of 1.67 ML.6 This model is in
agreement with STM images �see inset of Fig. 1�a��, where
As chains are aligned along the �110� GaAs substrate direc-
tions with a period of 9.7 Å.

Considering now the �2�2�-reconstructed surface �Fig.
1�c��, previous studies suggest that when epilayers are grown
under As-rich conditions, white protrusions of the
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�2�2�-reconstructed surface correspond to As atoms result-
ing in two proposed atomic models. One model makes ref-
erence to As trimers lying on an As terminated surface5

�similarly to the �2�2�-reconstructed GaAs�111� surface of
Ref. 9�. It is worthwhile pointing out that this model works
in an As coverage of 1.75 ML. This is higher than the
�3�1� model proposed above and it is at odds with the
RHEED measurement that results in a �3�1� As coverage
higher than the �2�2�. The latter suggests that only one As
atom in the surface unit cell lies on a Mn terminated surface
�ad-atom model�.6 An improved atomic resolution could be
achieved after performing a UHV annealing of the sample at
300 °C. Figures 3�a� and 3�b� show such images collected
simultaneously with both positive and negative bias �for-
wards V=−0.527 V, I=0.09 nA; backwards V=0.152 V, I
=0.09 nA�. A careful observation of the main features of the
two images reveals that the white objects of Fig. 3�b� are still
white in Fig. 3�a�, i.e., no color contrast is observed. Since
white protrusions correspond to As-constituted structures6

and contrast does not depend on the applied voltage, we
conclude that the three atoms, clearly detectable in the unit
cell surface �see inset in Fig. 3�a��, are As atoms.

After these observations the atomic model of the �2�2�
surface is presented in Sec. III C. This model is obtained by
a combined XPS and ab initio calculations’ study.

In Sec. III B XPS and GIXD’s combined study of the
�3�1� surface is presented. It appears that �i� the structural
model previously proposed6 is corroborated by the present
GIXD measurements and �ii� a better chemical understand-
ing of this surface is achieved by XPS.

B. The XPS and GIXD results on the „3Ã1… surface

1. Core levels

The experimental As 3d spectra and their fitting are re-
ported in Fig. 4 for the �3�1� surface. Three contributions
have to be considered to obtain consistent fits using a least-
square fitting procedure: two arising from the surface
�S1,S2� and the bulk one. We found that the extra S1 and S2
components are shifted towards higher binding energies with
respect to the bulk component. The origin and the chemical
shift of these two S1 and S2 components are discussed later
in the text.

The components are spin-orbit pairs with symmetric Voigt
line shape: the energy split and branching ratio are fixed at
0.68 eV and 1.5, respectively.21 The Lorentzian contribution
to the Voigt profile is about 20% of the full width at half the
maximum �FWHM� of As 3d3/2 and As 3d5/2 peaks. The
Gaussian width required to fit spectra is significantly broader
than the expected experimental resolution, indicating prob-
ably an influence of disorder and/or of the surface potential
�see Refs. 22 and 19�. The chemical shift of all components
with respect to the volume and their relative intensity are
given in Table I for both surface reconstructions and photon
energies.

Both S1 and S2 components show larger intensity ratio
with respect to the bulk component when a more surface
sensitive energy is used �150 eV�. This justifies their attribu-
tion to surface components.

First, surface coverage will be evaluated in regard to the
relative intensities of the surface peaks with respect to the
bulk component.

In Table I we can notice that the �3�1� surface gives a
S1/B ratio equal to 0.93 and 1.7 for incoming photon ener-

TABLE I. Parameters used in fitting the experimental data of the
As 3d core level for two reconstructed surfaces �in Figs. 4 and 7�.
The procedure used in the fitting is described in the text.

Surface reconstruction: �3�1� �2�2�
Photon energy: 150 eV 250 eV 150 eV 250 eV

Shift binding energy �S1-B� 0.64 0.64 0.48 0.48

Shift binding energy �S2-B� 1.4 1.4 1.4 1.4

% area bulk intensity �B� 34 49 75 80

% area surface intensity �S1� 58 45.5 18 15

% area surface intensity �S2� 8 5.5 7 5

FIG. 3. STM images of the MnAs �0001� �2�2� reconstruction.
The image �a� was recorded at −0.527 V sample bias and 0.09 nA
and the image �b� at 0.152 V sample bias and 0.09 nA. The white
lozenge evidences the �2�2� primitive surface cell. Inset: atomic
resolution of trimers on the surface.

FIG. 4. XPS spectra of the As 3d core level from the MnAs
�3�1� surface taken at two photon energies �250 eV and 150 eV�.
For each spectrum we give the experimental data after background
subtraction and the decomposition with bulk and two surfaces com-
ponents identified by B, S1, and S2, respectively.
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gies of 250 eV and 150 eV, respectively. A simple simula-
tion of the exponential decay expected for the bulk contribu-
tion �B� as a function of the surface covering �the S1
contribution� and of the electron escape depths � �estimated
at 6±1 Å and 9±1 Å for photon energies of 150 eV and
250 eV, respectively� can give a coarse evaluation of the
surface coverage. The measured experimental ratio, R
=S1/B=1.7 at 150 eV and 0.93 at 250 eV, fit well with the
expected values obtained by an exponential decay of roughly
2 ML of As covering a Mn-terminated surface. Thus, the As
coverage deduced by XPS corroborates the atomic structural
model of the �3�1�-reconstructed surface already proposed
in Ref. 6. This model, displayed in Fig. 2�a�, presents an
arsenic content of about 1.67 ML.

Another important piece of information concerns the
chemical shift observed for S1 and S2 components that can
be attributed to the presence of As atoms in As-As environ-
ments. Since arsenic has a larger electronegativity than Mn
�2.18 and 1.55 in the Pauling scheme�, the binding energy of
As-3d photoelectrons is expected to be lower in Mn-As than
in As-As environments. In short, the energy shifts of S1 and
S2 can be interpreted in the following manner: the richer the
As environment, the larger its binding energy.

The other surface contribution �S2�, detected at higher
binding energies �+1.4 eV�, represents 8% of the intensity of
the As3d peak, corresponding to less than 0.5 ML. The ori-
gin of the S2 component is attributed to As-crystalline is-
lands that are frequently observed in STM images �indicated
by “m” in Fig. 1�a��. The surface preparation procedure, with
high arsenic fluxes at low substrate temperatures can pro-
mote such an As crystallization, probably in defective sur-
face regions. This very rich As environment leads to a large
binding energy.

2. Grazing incidence x-ray diffraction experiments

GIXD measurements were carried out in order to test the
structural model previously proposed for the MnAs�0001�
�3�1� surface and to further understand its atomic structure.
The crystallographic basis vectors for the surface unit cell
can be given by following the three or four indexes’ conven-
tions. They are related to the hexagonal bulk basis of asurf

= �100� or �2̄110�, bsurf= �010� or �12̄10�, csurf= �001� or
�0001�. The in-plane directions are spanned by the Miller
indices H and K along the a* and b* reciprocal crystal axes.
The out-of-plane direction is taken to be the c axis, which is
always the same direction as c*, and the perpendicular com-
ponent of the momentum-transfer vector is denoted by the
index L. The scans performed along the H and K directions
displayed a “�3” periodicity corresponding to the three
�3�1� reconstructed domains, in agreement with STM mea-
surements �see Fig. 1�a�� both the super-period of the �3
�1� reconstruction and the half-order peaks characteristic of
the orthorhombic phase as already mentioned �bulk crystal
truncation rods�. The integrated intensity was obtained by
rocking scans of the available surface reconstruction reflec-
tions. After correction by Lorentz factor, polarization, and
illuminated surface area, this experimental data set has been
used to test and refine the surface structural model, using a

least square routine with a minimum of adjustable param-
eters. The quality of the fitting procedure was determined by
the R factor defined as:

R = ���
FHKL�exp� − FHKL�cal�
��/ � �FHKL�exp�� .

FHKL�exp� is the measured structure factor for the HKL re-
flection, taken as the square root of the integrated intensity
and FHKL �cal� is the calculated structure factor for the HKL
reflection. The starting structural model, shown in Fig. 2�a�,
is formed by a bulklike As-terminated MnAs surface with an
As extra-layer added following the hexagonal symmetry and
with the As atoms occupying the H3 positions. This over-
layer is not fully occupied since one out of three As atoms of
the top layer are missing, leading to the formation of rows.
Surprisingly, this simple model without any other adjustable
parameter, except a scaling factor, reproduces the overall in-
tensities for the in-plane data with an R of about 0.2 �see Fig.
5�. Considering first the in-plane displacements, only one
parameter �plus the scaling factor� has been found to be sig-
nificantly shifted from the expected position for this packing.
We have expressed the position of this extra surface over-
layer by its position � with respect to the bottom bulklike
terminated As layer �Fig. 2�a��. The � value is of 0.107 nm
for a perfect hexagonal packing while we have obtained a �
of 0.06 nm after structural refinement. This displacement
dropped R to about 0.1, which is a very good value consid-
ering the few adjustable parameters. In a similar way the
out-of plane rods, without any adjustable parameter, repro-
duce the intensity modulation period along L although the
origin is found shifted. With the refinement of the averaged
distance between the two upper As layers, the fit improves
�Fig. 6�. The agreement is not perfect but the general trend
points to a real structure not very far from this simplistic
model. The difficulty to go further with the refinement con-
cerns the number of variables required to fully determine the
positions of different atoms. In fact, the lack of symmetry of
the surface unit cell and its size introduce too many indepen-
dent parameters with respect to the available data.

Comparing in-plane data with the model �Fig. 5� one can
say that the surface projection of this STM/XPS proposed
model agrees well with a suitable R value of 0.1 and with a
small number of adjustable parameters. The out-of-plane
agreement is less evident but it verifies the coherence of this

FIG. 5. �Color online� Comparison between experimental in-
plane GIXD data and calculated structure factors.
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model considering the single out-of-plane structural adjust-
able parameter. A graphic representation of the measured and
calculated structure factors for the �3�1� model is presented
in Fig. 5. The adjustment gives an in-plane As-As distance of
0.372 nm, similar to the distance in MnAs. The distance be-
tween this extra-arsenic plane and the adjacent As layer is
found to be a little expanded, with 0.18 nm compared with
the As-Mn distance of 0.143 nm. This expansion can be jus-
tified either by the truncation of the surface and/or by the
different chemical bond between As-As and As-Mn.

C. The „2Ã2… reconstructed surface:
XPS and ab initio calculations

1. Core levels

A similar study has been performed with the �2�2� re-
constructed surface with As-3d core levels spectra being re-
corded and fitted within the same procedure as previously
reported for the �3�1� reconstruction.

Two surface components �S1 and S2� were necessary to
obtain a good and trustworthy fit of the XPS As-3d signal
�Fig. 7�. Considering the binding energy similarities with the
S1 and S2 components of the �3�1� surface, we were
tempted to maintain the same notations as before. Not sur-
prisingly, the intensity of surface peaks was reduced with
respect to the �3�1� reconstruction �see Table I�. At 150 eV,
the S1 and S2 components represent only 18% and 7%, re-
spectively. We followed the coverage evaluation procedure
described above for the �3�1� reconstruction. The experi-
mental ratios �0.24 and 0.1875 at 150 eV and 250 eV, re-
spectively� attest that As coverage ranges between 0.5 ML
and 1 ML. This coverage is incompatible with the As-trimers
model, i.e., As-trimers are bonded to an As-terminated sur-
face �1.75 ML�. Moreover, it gives an As amount slightly

richer than the ad-atoms model of Ref. 6 where only 0.25
ML of As is adsorbed on a Mn-terminated surface in their
bulksite �ad-atoms model�.

Concerning the S2 component, a similar behavior as in
the �3�1� surface is observed, remembering that the pres-
ence of this component has been attributed to crystalline As
islands that condensate during the preparation of the
�3�1� surface. We have observed in some STM images �not
shown� that As-crystalline islands can persist even for the
�2�2� surfaces, whenever this surface is obtained by UHV
annealing of the initial prepared �3�1� reconstructed sur-
face.

It is also important to notice that no extra component that
could be a mark of As-Mn surface bond was observed. We
suspect that this contribution remains probably masked
within the bulk MnAs components.

Now, we want to address some comments about the
chemical shift observed for the �2�2� reconstructed surface.
An interpretation can be derived from previous detailed stud-
ies of the �2�2� reconstructed surfaces for GaAs�111�A and
GaAs�111�B �Ref. 22� where As structures are found on the
surface. The high binding energy �HBE� surface component
of As 3d core levels was attributed to As atoms in a rich As
environment �shift of +0.47 eV with respect As bulk in
GaAs�. Similarly, we attribute the observed HBE MnAs-
components �S1 and S2 in Figs. 4 and 7� to an As-rich envi-
ronment on the surface. These considerations �coverage plus
the As environment� lead us to conclude that the trimers
visualized in STM images on the �2�2�-reconstructed sur-
face are formed by As atoms lying on a bulklike Mn-
terminated top layer.

It is worthwhile noticing that the S1 component of the
�3�1� and �2�2� reconstructions are found at very similar
binding energies: 0.64 eV and 0.48 eV, respectively. Since

FIG. 6. Comparison between experimental GIXD data and cal-
culated structure factors for reconstruction related rods. The vertical
bars indicate the experimental errors.

FIG. 7. XPS spectra of the As 3d core levels from the MnAs
�2�2� surface taken at two photon energies �250 eV and 150 eV�.
For each spectrum we give the experimental data after background
subtraction and the decomposition with bulk and two surface com-
ponents identified by B, S1, and S2, respectively.
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the �3�1� surface has a �1 ML As-richer coverage, the
richer As environment leads to the observed larger binding
energy. In other words, the �3�1�-reconstructed surface pre-
sents an As environment closer to the bulklike As.

2. Ab initio calculations

The results presented here bring us to the conclusion that
the �2�2� reconstruction is formed by As trimers on a clean
Mn bulklike surface. Nevertheless the exact structure of
these trimers cannot be determined by STM and XPS mea-
surements. To complete this gap, calculations were per-
formed using three different slabs corresponding to different
positions of the trimer. The trimer was assumed to be: �i� on
the bulk As sites, �ii� on the top of the topmost Mn atom, and
�iii� on the bulk As antisites �on the top of the second As
layer below�. These three slabs have in common the same
coverage �0.75 ML� and their relative stability can be deter-
mined by comparing the calculated values for the total en-
ergy. It results that the most stable configuration is, by far,
the one �i� presented in Fig. 2�b�, with an energy gain of
4.6 eV/unit cell and 1.1 eV/unit cell with respect to �ii� and
�iii�. At equilibrium, for the configuration �i�, the As trimer
atoms occupy a slightly displaced position, with As-As dis-
tance contracted to 3.63 Å, in agreement with STM images.
The distance between the As surface and the underlying
nearest Mn neighbor atomic plane is reduced from
2.55 Å to 2.50 Å. The stability of the �2�2� reconstruction
with respect to the unreconstructed �1�1� surface as a func-
tion of the chemical potential will be presented elsewhere.23

IV. CONCLUSIONS

We have investigated the structure of two stable surface
reconstructions of MnAs �0001� epilayers, i.e., the �2�2�

and the �3�1�. A multitechnical approach has been used
combining scanning tunneling microscopy �STM�, x-ray
photoemission �XPS�, grazing incidence x-ray diffraction
�GIXD�, and ab initio calculations.

GIXD results confirm that the structure of the
�3�1�-reconstructed surface is composed of a pile of long
and narrow structures aligned along the �110� GaAs substrate
equivalent directions. Atoms are disposed in a hexagonal
symmetry with the As atoms occupying H3 positions. This
overlayer is not fully occupied since one over three As atoms
of the top layer is missing leading to the formation of rows
with slight surface induced in-plane relaxation. The surface
coverage, determined by XPS, indicates that these structures
are constituted of two layers of As atoms covering a Mn-
terminated MnAs surface. These structures can be interpreted
as rhombohedral arsenic crystallizing on a Mn-terminated
surface.

Concerning the �2�2� reconstructed surface, STM im-
ages show the presence of three atoms in a patch of trimers
for the �2�2�-reconstructed surface. This surface is As
poorer than the �3�1� since surface components of As-3d
peaks obtained by photoemission measurements reveal that
these trimers are As constituted and lie on a Mn-terminated
surface. Ab initio calculations reveal that As atoms constitut-
ing trimers are located close to the As bulk positions leading
to an As-As distance of 3.63 Å and are stable if compared to
the �1�1�-unreconstructed surface.
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