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Synchrotron-radiation study of the electronic structure
of fcc Mn thin films grown on a GaAs(001) surface
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The epitaxial growth of metastable fcc Mn thin films on a GaAs(001) surface has been achieved at a
substrate temperature of 400 K. The development of the fcc Mn thin films as a function of coverage is
studied by photoemission with synchrotron radiation. The electronic density of states below the Fermi
edge of the bulk fcc Mn phase is measured experimentally. A significant difference of the electronic
structures is observed between the metastable fcc Mn phase and the thermodynamically stable a-Mn
phase. Possible mechanisms are proposed to account for the experimental result.

INTRODUCTION

Epitaxial growth of various stable and metastable
phases of 3d transition metals on lattice-matched sub-
strates has opened a field of experimental and theoretical
physics. ' Of the 3d transition metals, Mn provides the
most varied family of crystallographic phases. Besides
the room-temperature stable e-phase, a complex cubic
structure with 58 atoms per unit cell, there are three
high-temperature phases as well, i.e., the P, y, and 5
phases, where the y and 5 phases are simple face-
centered-cubic and simple body-centered-cubic struc-
tures, respectively. A number of theoretical works in re-
cent years have dealt with the electronic structures and
magnetic properties of the metastable y and 5 phases,
and some interesting predictions have been made await-
ing further experimental verification. Meanwhile,
considerable efforts have been made to stabilize the meta-
stable Mn phases at low temperature by the epitaxial
growth of Mn on various lattice-matched substrates.
For example, the metastable body-centered-tetragonal
phases of Mn were grown both on the Pd(001)' and
Ag(001) surfaces, "with lattice constants of a =0.389 nm
and c =0.343 nm for the former and a =0.409 nm and
c =0.331 nm for the latter, and they might be regarded
as tetragonal distorted versions of the fcc phase. It was
also reported that the Mn structure in the
(Mn/Ag)„/Ag(001) superlattices with 3-ML Mn layers
was nearly fcc. '

As far as we know, no experimental studies have been
done revealing the electronic structure of the fcc Mn
phase, even for the distorted fcc phases. In this paper, we
first show direct evidence of the achievement of preparing

single-crystalline fcc Mn films on a GaAs(001) surface us-
ing the molecular-beam epitaxy (MBE) technique, then
the electronic structure of the fcc Mn thin films as a func-
tion of coverage is measured by photoemission with syn-
chrotron radiation. A significant difference between the
fcc Mn phase and the room-temperature stable a phase is
observed. Possible mechanisms are proposed to explain
the difference.

EXPERIMENT

The experimental data presented in this paper were
taken in two different systems. The in situ reflection
high-energy electron-diffraction (RHEED) characteriza-
tion as well as the x-ray photoemission spectroscopy
(XPS) measurements were carried out in a VG-
ESCALAB-5 electron spectrometer system connected
with a MBE growth chamber at Fudan University in
Shanghai. The other data were collected at the photo-
emission beam line of the National Synchrotron Radia-
tion Laboratory, University of Science and Technology of
China at Hefei. The photon energy used was from 70 to
160 eV, with an estimated resolution of E/AE —500.
All the photoemission spectra were measured by an
angle-integrated analyzer located at the normal emission
position.

The Te-doped GaAs(001) single-crystal wafers were
polished and prepared by an ordinary device cleaning
process before being loaded into the UHV systems. The
final substrate cleaning in UHV was achieved by several
cycles of 800-eV argon bombardment followed with
500 C annealing until a clear (4 X 1 ) low-energy
electron-diffraction (LEED) pattern was observed. The
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Auger spectra and the x-ray photoelectron spectra show
no evidence of either carbon or oxygen contamination.
In both systems, the background pressures were lower
than 2 X 10 Pa in measurement, and lower than
1X10 Pa during Mn deposition. The Mn ovens were
operated at 800'C, yielding a Aux of 0.2 nm/min, accord-
ing to the quartz-crystal monitors. In this paper, the cov-
erage of Mn are expressed in monolayers (ML) with 1

ML=0.08 nm relative to the GaAs(001) surface-atomic
density of 6.3 X 10' atoms cm

RESULTS AND DISCUSSIONS

First, the achievement of the metastable fcc Mn phase
on top of the GaAs(001) surface at a substrate tempera-
ture of 400 K is obtained by in situ RHEED observation.
Figure 1(a) shows the RHEED pattern for a clean surface
of GaAs(001) when the incident electron beam was along
the [110]direction. Figure 1(b) shows the pattern at a
Mn coverage of 8 nm, with the incident electron beam
along the [110]direction. In fact, the spotlike RHEED
pattern is the projection of a three-dimensional reciprocal
lattice along the [110]direction. By comparing the spot
spaces with those of a clean GaAs(001) surface, it was
easily obtained that the lattice constants of the Mn thin
film along the [110] (in the surface plane) and [001] (out
of surface plane) directions were about 0.368 nm. The
fact that the pattern after a 90' rotation along the surface
normal was exactly the same as Fig. 1(b) leads to the con-
clusion that the single-crystalline Mn epilayer has a cubic
structure. In addition, Fig. 1(c) shows a pattern after a
45' rotation around the surface normal, so that the elec-
tron beam was along the [100] direction. It can clearly be
deduced from this pattern, together with that of Fig.
l(b), that the diffraction spots of the Mn thin film in re-
ciprocal space form a body-centered-cubic lattice. Corre-
spondingly, the real-space Bravais lattice of the epilayer
forms a face-centered-cubic structure with a lattice con-
stant of 0.368 nm. Furthermore, this Bravais lattice actu-
ally corresponds to the atomic structure of the rnetastable
fcc Mn phase itself; otherwise one would expect at least a
factor of 2 change for the atomic density relative to that
of e phase, which is very unlikely to happen for metals.

It should also be mentioned that a lattice constant of
0.362 nm is obtained independently by x-ray-diffraction
measurement, which agrees well with the above RHEED
result; meanwhile the unrotated bcc structure can be ex-
cluded unambiguously. '

It is recognized immediately after obtaining the meta-
stable fcc Mn phase that it will be very interesting to ex-
plore its electronic structure, since the interplay between
the crystallography and the electronic structures is al-
ways important. Figure 2 shows a series of valence-band
photoelectron spectra of Mn/GaAs(100) interfaces
prepared at 400 K, taken with a photon energy of 98 eV
by synchrotron radiation as a function of Mn coverage.
It should be noted that the absolute intensity for each
spectrum is not important, but the relative intensity
change among these the spectra reflects the change of the
density of states near the Fermi edge. According to Yeh
and Lindau, ' the photoionization cross section of Mn 3d
at this photon energy is larger than those of GaAs(4sp)
and Mn(4sp) by a factor of two orders of magnitude, so
the Mn 3d contribution starts to show up at a very early
stage and becomes dominant before the Mn coverage
reaches one monolayer. This can clearly be seen on the
enlarged curves at the right upper corner of Fig. 2 from
which an additional state at 3.9 eV below Ef is observed
even at a coverage of 0~0. 13 ML. When the Mn cover-
age is further increased, the intensity of the peak becomes
stronger and is gradually mixed with the density of states
appearing near the Fermi edge. It is found that the line
shape of the valence-band spectra at ~ 25 ML remains
unchanged, which indicates that the distribution of. the
electronic density of states near the Fermi edge at about
25 ML reaches to that of a bulk fcc Mn phase.

A comparison is now made for the valence-band spec-
tra between the above fcc Mn bulk phase prepared at 400
K and the a-Mn bulk phase prepared at 309 K (room
temperature). Figure 3 shows the two valence-band spec-
tra, between which a significant difFerence in line shape is
observed. Compared with the a-Mn bulk phase, the fcc
Mn phase has an electronic density of states lower at the
Fermi edge and far higher below the Fermi edge. Since it
is reasonable to believe that the 3d electron
configurations of Mn 3d remain the same from the a-
Mn metal phase to the fcc Mn metal phase, the result

FIG. 1. RHEED patterns for
a GaAs(001) clean surface, and
an 8-nm fcc Mn thin 61m grown
on a GaAs(001) substrate.
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FIG. 2. Valence-band photoelectron spectra for the fcc
Mn/GaAs(100) interface as a function of Mn coverage, h v=98
eV.

simply indicates the fact that a redistribution of the elec-
tronic density of states below the Fermi edge occurs; i.e.,
a downward shift of the occupied 3d electron density of
states for the fcc Mn phase. Meanwhile, an upward shift
of the unoccupied 3d electron density of states above the
Fermi edge for the fcc Mn phase should also be expected,
because the density of states at the very Fermi edge has a
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FIG. 3. Comparison of the valence-band spectra for the fcc
Mn bulk phase and the a-Mn bulk phase.

single value both for unoccupied and occupied states. An
interesting question to ask at this point is what mecha-
nisms are responsible for the splitting of the occupied and
unoccupied 3d states. Among numerous possibilities,
three are proposed here because they are perhaps better
defined and can be checked later on by further experi-
ments and theoretical calculations. The first possibility
could be due to the fact that the electron localization
occurs during the fcc Mn phase, no matter whether it is
caused by one-particle-type or Mott-Hubbard-type mech-
anisms. ' However, it is very unlikely that such a locali-
zation can occur in a bulk metal. The second possibility
could be due to the fact that changing the lattice symme-
try between the a-Mn and fcc Mn phases 1eads to a redis-
tribution of electron density of states near the Fermi
edge. It is certainly not unlikely in principle, but needs to
be confirmed by further theoretical calculations to ac-
count for such a large change. The third possibility could
be due to Stoner's exchange splitting of the 3d majority-
and minority-spin bands. In fact, the overall features of
the experimentally measured fcc Mn valence-band spec-
trum agree qualitatively with the calculated density of
states for a magnetically ordered fcc Mn phase, while a
quantitative agreement between absolute peak positions is
not expected since the lattice constant used in the calcu-
lation is much larger than what we observed here in ex-
periment. Again, a direct magnetic measurement in situ
is needed to verify the magnetic properties of the fcc Mn
thin films.

In addition to the significant difference found between
the metastable bulk fcc Mn phase and the thermodynami-
cally stable bulk a-Mn phase, it is also interesting to com-
pare the development of the valence-band photoemission
as a function of coverage between the 400- and 300-K
prepared Mn/GaAs(001) interfaces. It is noted in Fig. 2
that, similar to the room-temperature case, ' much of the
density of states appears far below the Fermi edge at the
initial stage of the Mn deposition, and that the Fermi
edge emission starts only after the coverage exceeds 2
ML. However, the difference begins to develop as the
Mn coverage increases. For the 300-K prepared
Mn/GaAs(001) interface, on the one hand, the main
features of the experimental valence-band spectra change
quickly to the a-Mn situation, while on the other hand,
for the 400-K prepared Mn/GaAs(001) interface, the
main features remain similar as the Mn coverage in-
creases.

To achieve a better understanding of the 400-K
prepared fcc metastable Mn thin films on the GaAs(001)
surface, it is important and necessary to know in some
detail about the interface formation and the interface
chemistry. It should be emphasized first that the contam-
ination in the UHV chamber during the experiment can
be ruled out, based on the facts that not only can no
traces of carbon and oxygen contamination be seen by
Auger electron spectroscopy, but also that no traces of an
O 2p contribution are observed in the valence-band spec-
tra at about 6 eV below the Fermi edge, which is very
sensitive to the oxidation of the Mn thin films —a com-
mon problem when working on the 3d transition-metal
ultrathin films.
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FIG. 4. As 2p, Ga 2p, and Mn 2p core-level photoelectron
spectra for the fcc Mn/GaAs(100) interface as a function of Mn
coverage, h v=1486.6 eV.
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For the 300-K case, it was demonstrated by surface
states decay both from ultraviolet photoemission spec-
troscopy (UPS) and electron-energy-loss spectroscopy
(EELS) that the first-layer growth of Mn on GaAs(001)
was in a layerwise mode, ' and that there was no strong
evidence of clustering at the later stage. ' On the other
hand, for the 400-K case, the layerwise mode for the
first-layer growth of Mn was also realized, but strong
evidence of a cluster growth mode at the later stage is ob-
tained both from RHEED results shown above and the
intensity change as a function of Mn coverage for core-
level photoelectron spectra of As 2p, Ga 2p, and Mn 2p.
Since RHEED patterns for the fcc Mn thin films are
spotlike instead of streaklike from a quite early stage (at
least -4 ML), this is clearly an indication that the depos-
ited Mn atoms form clusters and that the surface is
rough. As shown in Fig. 4, the intensities of the substrate
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FIG. 6. Mn 2p core-level photoelectron spectra for the fcc
Mn/GaAs(100) interface as a function of Mn coverage,
h v=1486.6 eV.

core-level photoelectron spectra of As 2p and Ga 2p de-
cay much more slowly than an exponential form as a
function of coverage, which also strongly suggests that
the growth is not a layer-by-layer mode but a cluster
growth mode.

Due to the fact that the photoionization cross section
of Mn 3d at a photon energy of 98 eV is larger than that
of GaAs(4sp) and Mn(4sp) by a factor of two orders of
magnitude, the dominated contribution of Mn 3d in the
valence-band spectra cannot be afFected by the cluster
growth mode. However, on the other hand, the interface
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FIG. 5. Ga 3d core-level photoelectron spectra for the fcc
Mn/GaAs(100) interface as a function of Mn coverage, h v=98
eV.
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FIG. 7. Comparison of the Mn 3s core-level spectra for the
fcc Mn bulk phase and the a-Mn bulk phase.
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chemistry can certainly a6'ect whether the valence-band
spectra rejects information about a metallic fcc Mn thin
film or just a complicated Mn/GaAs interface.

In Fig. 5, the Ga 3d core-level spectra, as a function of
Mn coverage, are used for this purpose. As expected, a
chemical reaction is indeed found at the interface, corre-
sponding to a shoulder appearing and developing at
the higher-kinetic-energy side. Therefore, the
Mn/GaAs(001) interface is very complicated for the early
stage of Mn deposition. However, instead of dealing with
such a complicated early stage interface, we are most1y
interested in the property of the bulk fcc Mn thin films at
an Mn coverage of about 50 ML. It will be demonstrated
in what follows that the interface reaction is no longer an
important issue. In Fig. 6, Mn 2p photoelectron spectra
as a function of Mn coverage are shown to confirm the
above argument. It is clearly seen that the Mn 2p spectra
have become bulklike at 35 ML and do not show any sign
of reacted components. This result corroborates the
statement that the valence-band spectrum given in Fig. 3
are representative of unreacted fcc Mn phase.

Although there is still a lack of a complete understand-
ing of the correlation between the magnetic orderings
(long range or short range) of a material with its 3s core-
leve1 photoelectron spectra, here in Fig. 7 we still provide

the Mn 3s spectra for the bulk fcc Mn and bulk a-Mn
phases as an experimental result. We would rather say
that no significant di6'erence is found from the spectra.

In conclusion, we have reported the achievement of fcc
metastable Mn thin films grown on a GaAs(001) surface
at a substrate temperature of 400 K. The electronic den-
sity of states below the Fermi edge of the fcc Mn phase is
measured by experiment. A significant di6'erence of the
electronic density of states is observed between the meta-
stable fcc Mn phase and the thermodynamically stable
cx-Mn phase. Even though the valence-band spectra of
fcc Mn and a-Mn are very diferent, it is found in experi-
ment that the core-level data (Mn 2p and Mn 3s) appear
almost identical.
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