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We examine the arsenic bonding in the near-surface region of initially arsenic-capped MnAs�1100�
films grown on GaAs�001�, as it evolves upon arsenic decapping. Line-shape analyses of
high-resolution As 3d photoelectron emission spectra recorded at room temperature �RT� allow us
to identify electronically distinct As-bonding states associated to bulk MnAs phases, bulk arsenic,
and interfacial environments. Stable MnAs phases appear to be affected by the presence of a thin
arsenic coating, an effect that could be advantageously used to enhance the ferromagnetic properties
of MnAs films around RT. © 2008 American Institute of Physics. �DOI: 10.1063/1.2888953�

As one of the few ferromagnetic metals compatible
with III-V semiconductors, MnAs is a candidate to be
part of semiconductor-based spintronic and magnetologic
devices.1–3 Despite the large lattice mismatch, high-quality
epitaxial MnAs films can be grown on several GaAs
substrates.1,4 MnAs experiences a magnetostructural phase
transition close to room temperature �RT�. In bulk MnAs, the
nonmagnetic orthorhombic �-MnAs phase abruptly trans-
forms at �40 °C into the ferromagnetic hexagonal �-MnAs
phase. However, in MnAs films grown on GaAs�001� or
GaAs�111�B substrates, the � and � phases coexist within a
relatively wide temperature range ��10–50 °C�, in an at-
tempt to minimize the epitaxial strain of the films.4,5 Thor-
ough structural and magnetic studies1,4 have shown that the
phase coexistence mechanism has a major impact on the
properties of MnAs films, limiting their performance as a
ferromagnetic material. There is, however, little experimental
information available on the electronic properties of MnAs
films6–8 and surface-science studies of this relevant
material9,10 remain to be completed. Here, we report on a
photoemission spectroscopic study of arsenic-decapped
MnAs�1100� films grown on GaAs�001�, providing insight
into the electronic configurations in such processed films.

A 120-nm-thick MnAs film was grown on a heavily
n-type doped GaAs �001��0.5° epiready substrate by
molecular-beam epitaxy. Prior to MnAs growth, a GaAs
buffer layer was grown at high temperature �550–600 °C�
following standard procedures. MnAs growth was initiated
on a carefully prepared As-rich d�4�4� or c�4�4� GaAs
template and proceeded at a substrate temperature of 230 °C,
with a growth rate of 19 nm /h, and an As4-to-Mn beam-
equivalent-pressure ratio of 49. Under these growth condi-
tions, MnAs films are known to have the so-called A epitax-
ial orientation,4 with MnAs�1100� parallel to GaAs�001�.
After MnAs growth, the sample was annealed at 286 °C for

12 min. Then, the sample was cooled down and was exposed
to As4 flux in order to deposit a protective arsenic coating.
Before the photoemission analysis, the sample was stored
under vacuum and only shortly exposed to air during the
time necessary to cut it into pieces and to transfer it from the
growth to the analysis chamber. Photoemission analyses
were carried out in an experimental station connected to the
UE56/2-PGM-2 beamline of the BESSY II synchrotron-
radiation facility. The arsenic-coated sample was mounted on
a variable-temperature holder, using Ga–In eutectic alloy as
glue on the back side of the sample. The arsenic coating of
the sample was desorbed in three progressive steps by heat-
ing with increasing power �pure arsenic and its oxides sub-
lime at roughly 300 °C�. Photoemission spectra were re-
corded at RT after each decapping step. Photoemitted
electrons were collected in the direction normal to the
sample surface in an angle-integrated mode using an
ESCALAB MkII electron energy analyzer. The binding en-
ergy �BE� scale of the spectra shown below refers to the
Fermi energy. Line-shape analyses were performed with the
aid of the CASAXPS software.

Figure 1 shows overview photoemission spectra. Before
heating �curves denoted 0�, the most prominent features are
arsenic core-level signals as well as associated plasmon
losses. No Mn-related features are seen, indicating that the
MnAs layer is well covered by the arsenic coating. O 1s and
C 1s core-level signals show up, indicating the presence of
oxides and hydrocarbons �the most likely compounds� on top
of the sample. After the first decapping step, Mn-related fea-
tures show up �see Fig. 1�b��. Most of the initial arsenic
coating has been desorbed, although a thin layer of pure
arsenic appears to remain on top of the MnAs layer. The
decapping steps 2 and 3 progressively remove the residual
top arsenic. Spectrum 3 �Fig. 1�a��, recorded on the nomi-
nally “fully decapped” bare MnAs film, exhibits prominent
Mn 3p and Mn Auger signals; the sample appears clean. We
have used physically meaningful Tougaard-type backgrounds
�see Fig. 1�a��.11 We found that the values of the three pa-
rameters �B=4210 eV2, C=1000 eV2, and D=13 300 eV2�
describing the corresponding inelastic-scattering cross sec-
tion and providing better-fitting backgrounds were exactly
coincident with the cross-sectional parameters previously
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reported11 to be appropriate for transition metals.
Dramatic changes in the As 3d photoemission spectral

shape are observed upon desorbing the residual top arsenic
�see Fig. 2�a��. To understand the changes, we calculated
theoretical As 3d envelope curves by adding up spin-orbit
split doublets �characterized by 3d5/2 BE, asymmetry ���,
and full width at half-maximum �FWHM� values�, corre-
sponding to specific As-bonding configurations.12 For all of
the doublets considered, the spin-orbit splitting was fixed to
0.68 eV and the branching ratio �area ratio� was fixed to the
theoretical 2:3 value. The As 3d spectrum recorded after the
first decapping step �curve 1� is fitted by three components:
A �BE=41.31 eV, �=0.10, FWHM=0.40 eV�, � �BE
=40.65 eV, �=0.13, FWHM=0.34 eV�, and I �BE
=40.93 eV, �=0.13, FWHM=0.35 eV�. On the other hand,
the spectrum recorded after the third decapping step �curve
3� is fitted by two narrow-width components, � �BE
=40.63 eV, �=0.18, FWHM=0.54 eV� and � �BE
=40.14 eV, FWHM=0.39 eV�, and an additional broad com-
ponent, D �BE=40.67 eV, FWHM=1.15 eV�. There is no
contribution of type-A component for stage 3. The A compo-
nent is obviously associated to the arsenic coating �arsenic in
a bulk As environment�, which desorbs upon heating. We
assign the � component to arsenic in a bulk MnAs environ-
ment and the I component �spectrum 1� to arsenic at the
As /MnAs interface. The D component �spectrum 3� ac-
counts for electronically disordered environments, present in
bare MnAs. We next discuss the origin of the � component
in the context of previous reports and considering additional
data for bare MnAs �stage 3�.

Okabayashi et al. and Ouerghi et al. previously reported
photoemission results for bare MnAs films grown on
GaAs.9,10 The As 3d spectrum reported9 by Okabayashi et al.
for a thick MnAs film grown on GaAs�001� much resembles
the As 3d spectrum reported10 by Ouerghi et al. for a
�3�1�-reconstructed MnAs film grown on GaAs�111�B and
it is similar to the As 3d spectrum reported here for arsenic-
decapped bare MnAs grown on GaAs�001� �curve 3 in Fig.
2�a��. The common feature of these spectra is the pronounced
shoulder/peak on the low BE side, which indicates that the
line shape is contributed by at least two intense doublets.
Both Okabayashi’s and Ouerghi’s groups interpreted the As
3d line shape in terms of a single bulk component and addi-
tional surface components. However, despite the line-shape
similarity, they invoked different assignments for the As 3d

FIG. 1. Photoemission spectra recorded with 750 eV photons on an initially
arsenic-capped MnAs thick film grown on GaAs�001�, at progressive decap-
ping stages: �a� as-measured spectra �continuous lines� and corresponding
Tougaard backgrounds �dotted lines�, �b� background-subtracted spectra for
the arsenic-coated �unheated� sample �curve 0� and for the decapping stages
1–3. Spectra have been normalized to the area of the As 3p peak after
background subtraction.

FIG. 2. �a� High-resolution As 3d photoemission spectra recorded with
154 eV photons for the decapping stages 1–3 �solid symbols�, after back-
ground subtraction and normalization to the peak area, and corresponding
line-shape analyses. For stage 2, the � component has been constructed by
adding up the �1 and �2 subcomponents. Theoretical envelope curves are
shown superimposed to the experimental data. �b� As 3d spectra for stage 3
�bare MnAs�, recorded at RT following two different pathways: �i� cooling
down from high �T�60 °C� temperature �solid symbols� and �ii� heating up
from low �T�0 °C� temperature �open symbols�.
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components: whereas Ouerghi et al. interpreted the low BE
component as a “bulk” component, Okabayashi et al. inter-
preted it as a “surface” component. The observed similarity
of the As 3d spectral features for bare MnAs films with dif-
ferent epitaxial orientations �grown on GaAs�001� and
GaAs�111�B substrates� and subjected to different surface
treatments �as-grown versus arsenic-decapped films� points
toward a bulk �rather than surface� origin of the spectral
features. These appear better interpreted as all bulk compo-
nents. We assign the low BE � component, centered at
40.14 eV, to the �-MnAs phase and the � component, cen-
tered at �40.64 eV, to the �-MnAs phase. That is, we cor-
relate the peculiar As 3d line shape here observed for bare
MnAs films at RT �curve 3 in Fig. 2�a�� with the �-� phase
coexistence. This correlation might also be valid for other
MnAs films on which similar RT line-shape features have
been reported.

The As 3d spectra shown in Fig. 2�b� provide further
support to the interpretation in terms of separated �-MnAs
and �-MnAs contributions. These spectra have been re-
corded at RT on the bare MnAs film �stage 3� following two
different temperature pathways. The photoemission signal in
the low BE side of the spectra is seen to be weaker for the
spectrum recorded following a low-temperature pathway
�heating up to RT� than for the spectrum recorded following
a high-temperature pathway �cooling down to RT�. The rela-
tive intensities/amounts of the � and � components/phases,
as well as of disorder �D component�, derived from the As 3d
line-shape analysis for the two pathways, are listed in Table
I. The thermal hysteresis observed in the As 3d line shape
finds natural explanation within an interpretation in terms of
�-MnAs and �-MnAs related components: it agrees with the
well-known hysteresis in the �-� phase coexistence,4 ac-
cording to which the � /� phase ratio is higher when RT is
approached from high temperature than when it is ap-
proached from low temperature.

The �-MnAs phase appears thus stable in arsenic-
covered MnAs, constrained by bottom GaAs and top As
�spectrum 1 in Fig. 2�a��. On the other hand, the �-MnAs
and �-MnAs phases coexist in bare MnAs, with no top con-
strain �spectrum 3 in Fig. 2�a��. The As 3d spectrum recorded
after the second decapping step �spectrum 2 in Fig. 2�a��
requires at least four components to reach a good fit: A
��=0.12, FWHM=0.34 eV�, � �FWHM=0.47 eV�, �1 �BE
=40.52 eV, �=0.18, FWHM=0.41 eV�, and �2 �BE
=40.83 eV, �=0.18, FWHM=0.41 eV�. At stage 2, the
sample seems to be covered by arsenic in some regions

�there is a small A contribution� and to expose bare MnAs in
other regions �there is a small � contribution�. Such a situa-
tion implies laterally inhomogeneous mechanical constrains
on the MnAs film. We constructed the � component drawn
for spectrum 2 in Fig. 2�a� by adding up the �1 and �2
doublets. This � component �BE=40.63 eV� is centered at
roughly the same BE as for spectra 1 and 3. The spreading in
BE of the � component for stage 2 may be related to struc-
tural distortions in the �-MnAs phase of the film, assumed to
be caused by the lateral constrain inhomogeneity.

In summary, we have performed RT photoemission spec-
troscopic analyses of the arsenic bonding in the near-surface
region of initially arsenic-capped MnAs�1100� films grown
on GaAs�001�, as it evolves upon decapping. Arsenic cap-
ping has been demonstrated to be an efficient method to
protect MnAs films from contamination during short air ex-
posure. In As 3d spectra recorded on bare MnAs�1100�
films, we have identified two electronically distinct compo-
nents, � and �, that we assign to arsenic in �-MnAs and
�-MnAs environments, respectively. The � component has
been found to be absent for MnAs films covered by a thin As
layer. We conclude that different strain-minimization mecha-
nisms are operative in bare and arsenic-coated MnAs films.
We propose to use arsenic coating to stabilize the �-MnAs
phase against transformation into �-MnAs and, thus, to en-
hance the ferromagnetic properties of MnAs films around
RT.

We thank the BESSY staff for support. This work has
been supported by the Spanish Ministry of Education and
Science �“Ramón y Cajal” and “Materials” Programs, 2005
call and MAT2004-05348 Grant, respectively� and by the
German Federal Ministry for Education and Research.

1M. Tanaka, Semicond. Sci. Technol. 17, 327 �2002�, and references
therein.

2C. Pampuch, A. K. Das, A. Ney, L. Däweritz, R. Koch, and K. H. Ploog,
Phys. Rev. Lett. 91, 147203 �2003�.

3D. Saha, M. Holub, P. Bhattacharya, and Y. C. Liao, Appl. Phys. Lett. 89,
142504 �2006�.

4L. Däweritz, Rep. Prog. Phys. 69, 2581 �2006�, and references therein.
5V. M. Kaganer, B. Jenichen, F. Schippan, W. Braun, L. Däweritz, and K.
H. Ploog, Phys. Rev. Lett. 85, 341 �2000�.

6K. Bärner, Phys. Status Solidi B 84, 385 �1977�.
7S. Haneda, N. Kazama, Y. Yamaguchi, and H. Watanabe, J. Phys. Soc.
Jpn. 42, 1201 �1977�.

8K. Shimada, O. Rader, A. Fujimori, A. Kimura, K. Ono, N. Kamakura, A.
Kakizaki, M. Tanaka, and M. Shirai, J. Electron Spectrosc. Relat. Phenom.
101-103, 383 �1999�.

9J. Okabayashi, K. Kanai, K. Kubo, S. Toyoda, M. Oshima, K. Ono, and J.
Yoshino, Appl. Phys. Lett. 89, 022502 �2006�.

10A. Ouerghi, M. Marangolo, M. Eddrief, B. B. Lipinski, V. H. Etgens, M.
Lazzeri, H. Cruguel, F. Sirotti, A. Coati, and Y. Garreau, Phys. Rev. B 74,
155412 �2006�.

11S. Tougaard, Surf. Interface Anal. 25, 137 �1997�.
12To simulate asymmetric photoemission peaks, related to metallic elec-

tronic configurations, we used DS�� ,499� line shapes �CASAXPS notation�,
which stand for Doniach–Sunjic profiles with asymmetry parameter �,
numerically convoluted with a Gaussian described by 499 digital nodes.
To simulate symmetric photoemission peaks, we used GL�30� line shapes,
which stand for Gaussian/Lorentzian product formulas with 30% of
Lorentzian weight, which approximate Voigt-type profiles.

TABLE I. Relative intensity of the different components ��, �, D� contrib-
uting to the As 3d photoemission spectra from the bare MnAs film �decap-
ping stage 3� recorded at RT following two different pathways: �i� cooling
down from high �T�60 °C� temperature �solid symbols in Fig. 2�b�� and
�ii� heating up from low �T�0 °C� temperature �open symbols in Fig. 2�b��.

� � D

Cooling 57% 20% 23%
Heating 68% 9% 23%
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