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Ferromagnetic nanoscale zinc-blende MnAs dots were successfully fabricated on a sulfur-passivated
GaAs~001! surface by molecular-beam epitaxy. Transmission electron microscopy and selected area
electron diffraction showed that the crystalline structure was not the same as that of bulk MnAs with
NiAs-type hexagonal crystalline structure, but of zinc-blende type. Inin situ photoemission
spectroscopy of the zinc-blende MnAs dots, the Fermi edge was not clearly observed and the Mn 3d
partial density of states was similar to that of the diluted ferromagnetic semiconductor
Ga12xMnxAs, which also supports the fabrication of zinc-blende MnAs in the nanoscale. ©2002
American Institute of Physics.@DOI: 10.1063/1.1456396#
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INTRODUCTION

NiAs-type Mn pnictide films grown on GaAs substrat
by molecular-beam epitaxy~MBE! have been extensivel
studied because of their potential as spintronic device ap
cations utilizing ferromagnetic metal–semiconductor hyb
structures. Among them MnAs and MnSb have a higher
tential for spintronic devices due to their high Curie tempe
tures Tc ~MnAs: Tc;320 K, MnSb: Tc;600 K!.1–4 Basic
physical properties of MnAs films including the consecuti
phase transitions between the NiAs–MnP–NiAs type cr
talline structures in the bulk have been investigated.5 The
electronic structure of MBE-grown Mn pnictides films h
also been investigated by photoemission spectroscopy
cluding spin-resolved measurements.6

Successful combinations of the magnetic properties
the Mn compounds with the semiconducting properties
III–V compound semiconductors has also lead to the c
ation of a new class of materials called diluted magne
semiconductors, such as Ga12xMnxAs and In12xMnxAs, that
have attracted considerable attention in recent years.7 In par-
ticular, the origin of ferromagnetism in these compounds
been extensively studied. It appears that hole carriers in
semiconductors mediate the interaction between the Mn
that are randomly distributed. The key to the ferromagne
ordering of the Mn spins is a strong hybridization betwe
the localized Mn 3d states and the As 4p carriers which re-
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sults in a strong antiferromagnetic coupling between the s
of the Mn 3d electrons and the holes in the As 4p valence
band. A recent concern in Ga12xMnxAs has been howTc can
be increased. According to the carrier-induced ferrom
netism, to increaseTc , the carrier concentration has to b
increased. Ohnoet al. demonstrated a carrier injection usin
biased transistor systems to increase the car
concentration.8 Photo-induced carriers have also been a
plied to enhanceTc .9 However, the Curie temperature o
these Ga12xMnxAs has not exceeded 120 K so far, becau
of the solubility limit of Mn and the carrier
self-compensation.10 To this end, there is a strong deman
for the fabrication of the high-concentration limit o
Ga12xMnxAs, that is MnAs with zinc-blende type crystallin
structure, and revealing the physical properties and e
tronic structures.

Another direction of combining Mn pnictides and GaA
is a fabrication of the Mn pnictides in the nanoscale on Ga
surfaces. Recent development of the MBE growth techni
has enabled us to control the geometry of those nanost
tures. Akinagaet al.11 and Mizuguchiet al.12 demonstrated
that the MnSb nanoscale granular dots grown by MBE
sulfur-passivated GaAs surfaces becomes a promising m
rial for spintronic device applications because of the e
tremely huge magnetoresistance effect at room tempera
The large surface area of the nanostructures compared
their volume often lead to a relaxation of the lattice in t
nanostructures, and enables the fabrication of nanostruc
with metastable crystalline structure which is different fro
the bulk. Recently, the MnAs/GaAs digital magnetic hete
il:
8 © 2002 American Institute of Physics
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8089J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Ono et al.
structure was fabricated using MBE by alternately deposit
layers of MnAs and GaAs.13 However, it is reported that only
a submonolayer of the MnAs layer can be grown epitaxia
and the crystalline structure of the MnAs layer is still u
known.

In this article, we report on the successful fabrication
nanoscale zinc-blende MnAs dots on sulfur-passivated G
surfaces grown by MBE and their crystalline structur
magnetic properties, and electronic structures.

EXPERIMENT

The nanoscale MnAs dots were fabricated on sulf
passivatedn1-GaAs~001! substrates by a conventional soli
source MBE.14 It is well known that GaAs substrates term
nated by VI-element atoms, such as sulfur or selenium, h
low surface energy, and thus enable a self-assembled gr
of metallic clusters on the semiconductor. To terminate
surface of GaAs substrates by surfur, the substrate was
dipped into an (NH4)2Sx solution for 1 h, then rinsed by pur
water. By heating the substrates up to 200 °C, the reflec
high-energy electron diffraction~RHEED! pattern changes
from a halo to a 131 streaky pattern. During the growth o
MnAs dots at 200 °C, the flux ratio of As/Mn was set at 4–
The growth of the MnAs dots changed the streaky 131
RHEED pattern to a spotty pattern. The surface morphol
of the samples was evaluated byex situatomic-force micros-
copy ~AFM!, high-resolution scanning electron microsco
~SEM!, high-resolution cross-sectional transmission elect
microscopy ~TEM!, and selected area electron diffractio
~SAED!. The magnetic properties were measured usin
superconducting quantum interference device~SQUID! mag-
netometer. The MBE system used in this study was c
nected to the synchrotron radiation photoemission system
BL-1C of the Photon Factory, High-Energy Accelerator R
search Organization.15 Prior to the AFM, SEM, TEM, and
SAED measurements,in situ photoemission spectroscop
was performed for the MBE-grown MnAs dots and t
MBE-grown samples were transferred into the photoem
sion measurement chamber without breaking the ultrah
vacuum. For the valence band photoemission measurem
the photon energy was varied from 20 to 130 eV and
emission angle of photoelectrons was set normal to the
face. Photoemission measurements were done at room
perature and the total energy resolution was set at about
meV using a hemispherical analyzer~VG Microtec,
ARUPS10!. For the Mn 2p core-level photoemission mea
surements, MgKa x-ray radiation was used.

As references, we have grown Ga12xMnxAs and NiAs-
type bulk MnAs film on GaAs~001!. The growth procedure
for the Ga12xMnxAs is as follows.16 After the removal of a
surface oxide layer by heating the substrate to 580 °C, a
nm buffer layer of the GaAs was grown at 580 °C with
34 reconstruction. After cooling the substrate to 200
@c(434) reconstruction#, a 10 nm low-temperature~LT!
GaAs buffer layer was grown with the 131 RHEED pattern.
On this LT buffer layer, a 10 nm Ga12xMnxAs layer was
grown with the 132 surface reconstruction. NiAs-type bu
MnAs films were also grown on the GaAs buffer layer in t
Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIP
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same MBE chamber. The substrate temperature and the
ratio of As/Mn were set at 200 °C and 4–5, respective
which is equal to the growth condition of nanoscale Mn
dots. In order to compare the Mn 3d-derived electronic
states,in situ photoemission measurements have been p
formed for nanoscale MnAs dots, Ga12xMnxAs film, and
NiAs-type bulk MnAs film.

RESULTS AND DISCUSSION

Figure 1~a! also shows the surface morphology of th
nanoscale MnAs dots observed by SEM. The size distri
tion of the nanoscale MnAs dots is shown in Fig. 1~b!. The
cross-sectional high-resolution TEM image in Fig. 2 sho
that the average height of the dot is 2–5 nm. In the TE
image, clear lattice fringes of the nanoscale MnAs dots
well as the GaAs substrate are observed in both@110# and
@1-10# cross sections. The dark contrast at the interface
gion shows the sulfur layer at the interface. The lattice frin
of the nanoscale MnAs dots is almost the same as that o
GaAs substrate, indicating a formation of zinc-blende cr
talline structure of the nanoscale MnAs dots, although

FIG. 1. Surface morphology of the nanoscale MnAs dots grown on a su
passivated GaAs~001! substrate.~a! High-resolution SEM image of the
MnAs nanoscale dots.~b! Size distribution of the MnAs nanoscale do
estimated from SEM image.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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small lattice expansion in the nanoscale MnAs dots is a
observed. Without the sulfur passivation, the crystall
structure, observed by the high-resolution TEM of the Mn
film on GaAs was different from that of the GaAs substra
which suggests that the MnAs film was grown in the he
agonal NiAs-type crystalline structure.17 It is also noted that
in the case of the nanoscale MnSb dots on surfur-passiv
GaAs, MnSb dots form a hexagonal crystalline structur11

For a more detailed analysis, we have performed SAED m
surements for nanoscale MnAs dots and GaAs substra
The SAED pattern in Fig. 2 clearly shows that the SAE
patterns for the nanoscale MnAs dots and GaAs substrate
the same. The TEM and SAED measurements clearly in
cate that the crystalline structure of nanoscale MnAs dot
zinc-blende type, not the bulk hexagonal NiAs type.

Here, we discuss in more detail the crystalline struct
and the electronic structure of the MnAs dots. From the TE
images and SAED patterns, a lattice expansion parallel to
surface compared with the GaAs substrate is estimated t
0.7%. In the nanoscale MnAs dots, the lattice is almost co
pletely relaxed, resulting in the small lattice mismatch. T
lattice constant of hypothetical zinc-blende MnAs estima
from the extrapolation of the lattice constant of Ga12xMnxAs
with x51 is 5.98 Å and considerably large lattice mismat
of 5.8% to GaAs substrate is expected.16 It is considered that
the formation of the zinc-blende structure and small latt
mismatch in nanoscale MnAs dots are derived from
lower surface energy of the sulfur-passivated GaAs surf
and lattice relaxation due to the nanoscale dot format
Note that in the case of the zinc-blende CrAs, the latt
constant of zinc-blende CrAs is almost the same as tha
the GaAs substrate and it is possible to grow zinc-ble
CrAs films on GaAs substrates.18

Magnetic properties of nanoscale zinc-blende MnAs d
are shown in Fig. 3. Figure 3~a! shows the magnetizatio
hysteresis curve taken at 50 K. Clear hysteresis shows
the nanoscale zinc-blende MnAs dots show ferromagn
ordering. Figure 3~b! shows the temperature dependence
remanent magnetization of the nanoscale zinc-blende M
dots. It is estimated that the Curie temperature of the nan
cale zinc-blende MnAs dots is about 280 K.

FIG. 2. High-resolution cross-sectional TEM images and SAED pattern
nanoscale MnAs dots and GaAs substrates.
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The Mn 3d partial density of states~PDOS! of the
nanoscale MnAs dots shown in Fig. 4~a! was deduced using
the 3p– 3d resonant photoemission technique and is co
pared with that of Ga12xMnxAs in Fig. 4~b!. The Mn 3d
PDOS has been extracted from the subtraction of the ph
emission spectrum taken at 48 eV from that at 50 eV. Fig
4~b! shows valence-band photoemission spectra of thein situ
prepared Ga12xMnxAs. The PDOS of Ga12xMnxAs is simi-
lar to that reported previously.19 The resonant enhanceme
was observed fromEF to ;10 eV with a prominent peak a
;4 eV binding energy in the photoemission spectra taken
50 eV. Ga12xMnxAs has the zinc-blende type crystallin
structure with the Mn atom tetrahedrally coordinated by
atoms. All the tetrahedrally bonded Mn-based magne
semiconductors including II–VI compounds reported so
show almost the same electronic structure, that is the m

of

FIG. 3. Magnetic properties of nanoscale zinc-blende MnAs dots.~a! Mag-
netization hysteresis curve at 50 K. Clear hysteresis shows that the n
scale zinc-blende MnAs dots show ferromagnetic ordering.~b! Temperature
dependence of remanent magnetization of the nanoscale zinc-blende M
dots.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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peak located around 4 eV binding energy, a strong sate
structures at deep binding energies around 7–9 eV, and s
spectral weight just belowEF .20 Such an electronic structur
has been well understood using the configuration-interac
cluster model and cannot be reproduced within the fram
work of band-structure calculations,21 indicating the impor-
tance of many-body effects. On the other hand, the ph
emission spectra of the MnAs films in Fig. 4~c! do not show
a 4 eV peak nor a satellite but show a clear Fermi-e
characteristic of a metallic sample. Strong Auger struct
from the As 3d core level also overlaps the valence-ba
region as reported in Ref. 6.

The photoemission spectra of the nanoscale MnAs d
preparedin situ show almost the same electronic structure
the Ga12xMnxAs, quite different from the photoemissio
spectra of the MnAs films. From the viewpoint of phot
emission spectroscopy, the electronic structure of the na
scale MnAs dots is similar to Ga12xMnxAs. This means tha
Mn 3d electrons are essentially localized in the nanosc
MnAs dots, as opposed to the case in the MnAs bulk wh
Mn 3d electrons are itinerant. The nanoscale MnAs d
were found to form in the zinc-blende crystalline structure
shown in the TEM image, which is consistent with the ph
toemission results. It is concluded that the Mn 3d electrons
in the nanoscale zinc-blende MnAs dots are localized du
the many-body effect.

The band-structure calculation has been performed
the hypothetical zinc-blende MnAs.22,23 The result shows a
high DOS atEF unlike the photoemission results probab
due to the many-body effect, but only the Mn 3d main peak
at 4 eV binding energy in the MnAs nanoscale dots can
interpreted within the band-structure calculation.

Figure 5 shows the Mn 2p core-level photoemission
spectra for in situ prepared nanoscale zinc-blende MnA
dots, Ga12xMnxAs, and NiAs-type bulk MnAs film. The sat
ellite structure, which is originated from the many-body e
fect, is observed in nanoscale zinc-blende MnAs dots
Ga12xMnxAs. It also indicates the electron localization
the nanoscale zinc-blende MnAs dots.

The failure of the application of the band-structure c
culation to the description of the electronic structure a
electron localization due to the many-body effect in t

FIG. 4. Valence-band photoemission spectra ofin situ prepared~a! nano-
scale zinc-blende MnAs dots,~b! Ga12xMnxAs, and ~c! NiAs-type bulk
MnAs film. The difference between the on- and off-resonant spectra sh
the Mn 3d PDOS.
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nanoscale zinc-blende MnAs dots opens a category of na
scale materials with correlated-electron systems. An ex
sive investigation of the nanoscale zinc-blende MnAs d
for the basic physical properties as well as the spintro
device application is strongly needed.

CONCLUSION

In conclusion, MnAs nanoscale dots were successfu
fabricated on the sulfur-passivated GaAs~001! substrates and
were characterized by SEM, TEM, SAED, SQUID, andin
situ photoemission measurements. The existence of the
romagnetic zinc-blende MnAs has been proven experim
tally. The electronic structure of zinc-blende MnAs evaluat
by photoemission measurements is similar to that
Ga12xMnxAs. It is found that the Mn 3d electrons in the
nanoscale zinc-blende MnAs dots are localized due to
many-body effect. It is reasonably considered that the zi
blende MnAs is the high-concentration limit o
Ga12xMnxAs.
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FIG. 5. Mn 2p core-level photoemission spectra ofin situ prepared nano-
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