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Ga segregation in MnSb epitaxial growth on GaAs„100… and „111… B substrates
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We have found Ga segregation during the epitaxial growth of MnSb thin films on GaAs substrates by
core-level photoemission spectroscopy using synchrotron radiation. MnSb films were grown on~100! and
~111!B GaAs substrates by molecular beam epitaxy~MBE!. While the As 3d peak intensities decrease gradu-
ally, the Ga 3d photoemission peak intensities remain unchanged even with increasing MnSb overlayer thick-
ness. These results suggest that the Ga atoms are segregated at the surface during growth. The thickness of the
segregated Ga layers is estimated to be 0.5 monolayer~ML ! for MnSb on GaAs~100! and 1.0 ML for MnSb on
GaAs(111)B. It is considered that the segregated Ga layer acts as a surfactant and decreases the surface energy
and contributes to the layer-by-layer growth. The thickness of the surfactant layer is thought to have an
influence on the surface morphology of the MnSb film.

DOI: 10.1103/PhysRevB.64.085328 PACS number~s!: 68.35.Fx, 81.15.Hi
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I. INTRODUCTION

A heterojunction of semiconductors and ferromagne
metals has attracted much interest as a new type of ma
toelectronic device utilizing not only the charge but also
spin of carriers.1 Recently, epitaxial Mn-based magnet
compounds such as MnSb,2,3 MnAs,4–8 MnGa,9 and MnAl
~Ref. 10! have been successfully grown on semiconduc
substrates using molecular beam epitaxy~MBE!. In the epi-
taxial growth of such ferromagnetic metals on semicond
tors, we are confronted with the difficulty that there is
strong reactivity at their interface. In order to apply the
films to realistic devices, the control of these surfaces
interfaces is very important.11 The practical demands for th
hybrid structure of ferromagnetic metals on semiconduc
are a very abrupt interface, which is very important for sp
injection, and a flat surface. In this article, we present
surface and interface structures and the initial growth mec
nism of MnSb thin films on GaAs substrates studied by co
level photoemission spectroscopy using synchrotron ra
tion. The heterostructure of epitaxial ferromagnetic metals
semiconductors is very important for new applications su
as integrated spintronic devices, as well as for the stud
low dimensional magnetism because it can be used as
model material. MnSb has attracted much attention beca
of its large magneto-optic effect, a large magnetic anisotr
in the direction of the easy magnetization axis and the la
magnetoresistance.3,12,13 The bulk MnSb has a stable ferro
magnetic phase below the Curie temperature~578 K! and
the structure is a NiAs type~space groupP63/mmc) with
lattice constants ofa50.4128 nm andc50.5789 nm.14,15

Recently Akinagaet al. observed a very large magnet
resistance, so called ‘‘magnetoresistive switch,’’ in Mn
dots onS-passivated GaAs~100! substrates.16–18 To clarify
the origin of the magnetoresistive switch effect, investigat
for the initial growth mechanism of MnSb on GaAs
indispensable.
0163-1829/2001/64~8!/085328~8!/$20.00 64 0853
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II. EXPERIMENTAL

The MBE growth of MnSb films on GaAs~100! and
(111)B substrates and thein situ photoemission spectros
copy measurements were carried out at the BL-1A of
Photon Factory. The epi-readyn1-GaAs substrate was intro
duced into the MBE growth chamber and the clean surf
was obtained by annealing in an As atmosphere. The b
pressure of the MBE growth chamber was 8310210 Torr.
After cleaning the GaAs substrate, we exposed the subs
only to an Sb beam to obtain the Sb-terminated surface. A
obtaining the Sb-terminated surface, the substrate is exp
to both Mn and Sb beams. The temperature of the subs
during MBE growth was set to 300 °C. The Sb/Mn flux rat
was set to 2. The growth rate was 0.3 Å/s estimated from
transmission electron microscopy~TEM! images after the
growth. For both samples, we grew MnSb films and m
sured the photoemission spectra for each thickness with
breaking the ultrahigh vacuum. The surface structure of
samples during the MBE growth was measured by reflec
high-energy electron diffraction~RHEED!. We investigated
the chemical states of Ga 3d, Sb 4d, and As 3d core levels
by synchrotron radiation photoemission spectroscopy. Ph
electrons were measured by a high-resolution hemisphe
angle-integrated electron analyzer~Scienta SES200!. The
photon energy was set at 118.9 eV and the take-off angl
photoelectrons was set normal to the sample surface.
structure of the MnSb films and the interfaces were obser
by ex situcross-sectional TEM. Epitaxial orientations we
checked byex situx-ray diffraction ~XRD!.

III. RESULTS AND DISCUSSION

A. Surface and interface structures of MnSb films
on GaAs„100… and „111…B

Figure 1~a! shows a RHEED pattern along the^011& azi-
muth of the MnSb film grown on the GaAs~100! substrate
©2001 The American Physical Society28-1
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during the MBE growth. The thickness of the film is 4 ML
This RHEED pattern shows~131! streaks, and the in-plan
spacing of the MnSb film in the GaAs@011# direction as
estimated by the streak spacing in the RHEED pattern
similar to that of bulk ferromagnetic MnSb@11̄01#. The back-
ground intensity of the RHEED pattern is rather high in
cating a considerable surface roughness exists in
MnSb~11̄01! surface on GaAs~100!. In the XRD pattern, we
observed GaAs~002! and ~004! reflection as well as
MnSb~11̄01! and ~22̄02! peaks, confirming the epitaxial ori
entation of MnSb~11̄01! on GaAs~100!. Figure 1~b! shows a
cross-sectional TEM image of an interface region taken fr
MnSb/GaAs~100! along ^011& with the thickness of the
MnSb film of 300 Å. This TEM image shows clear lattic
fringes from both MnSb and GaAs regions, and that the
terface between the MnSb film and the GaAs~100! substrate
is very sharp indicating the formation of abrupt interfa
between the MnSb film and the GaAs~100! substrate. Thec
axis of MnSb observed in the TEM image is tilted about 7
from the GaAŝ 100& direction which is consistent with th
crystal orientation of MnSb~11̄01! on GaAs~100!. It should
be noted that although the MnSb surface roughness obse
by RHEED is considerably large, the interface structure

FIG. 1. ~a! RHEED patterns of MnSb/GaAs~001! along the
^011& azimuth during the MBE growth of the MnSb film when th
thickness of the MnSb film is 4 ML. Clear~131! streaks are ob-
served.~b! A cross-sectional TEM image of the interface region
MnSb/GaAs~001! taken alonĝ 011& with the thickness of 300 Å.
The MnSb region, GaAs region, and the interface are illustrate
the figure. A scale for the TEM image is also shown in the figu
The image shows the abrupt interface between the MnSb film
the GaAs~100! substrate.
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served by TEM is very abrupt and dislocations are relax
near the interface. XRD and cross-sectional TEM resu
show that the MnSb epitaxial films on GaAs~100! substrate
are of high quality.

Figure 2~a! shows a RHEED pattern along the^112̄& azi-
muth of the MnSb film grown on the GaAs~111!B substrate
during the MBE growth. The thickness of the film is 4 ML
This RHEED pattern shows~232! streaks, and the in-plan
spacing of the MnSb film in the GaAs@112̄# direction as
estimated by the streak spacing in the RHEED pattern
similar to that of bulk ferromagnetic MnSb@0001# as in the
case of MnSb on GaAs~100!. Compared with the RHEED
patterns of MnSb on GaAs~100!, the background intensity o
the RHEED patterns of MnSb on GaAs~111!B is consider-
ably low, which indicates the smooth surface is obtained
MnSb~0001! on GaAs~111!B. In the XRD pattern, we ob-
served GaAs~111!, GaAs~222!, and GaAs~333! reflection
with MnSb~0002!, and MnSb~0004! peaks, confirming the
epitaxial orientations of MnSb~0001! on GaAs~111!B. Figure
2~b! shows a cross-sectional TEM image of an interface
gion taken from MnSb/GaAs~111!B along ^112̄& with the

in
.
d

FIG. 2. ~a! RHEED patterns of MnSb/GaAs(111)B along the
^112̄& azimuth during the growth of the MnSb film when the thic
ness of the MnSb film is 4 ML. Clear~232! streaks are observed
~b! A cross-sectional TEM image along^112̄& of the interface region
of MnSb/GaAs~111!B taken with the thickness of 300 Å. The MnS
region, GaAs region, and the interface are illustrated in the figu
The scale for the TEM image is also shown in the figure. The im
indicates the abrupt interface between the MnSb film and
GaAs~111!B substrate.
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Ga SEGREGATION IN MnSb EPITAXIAL GROWTH ON . . . PHYSICAL REVIEW B64 085328
thickness of the MnSb film of 300 Å. In this TEM image
clear lattice fringes are observed from both MnSb and Ga
regions, and the interface between the MnSb film and
GaAs~111!B substrate is very sharp indicating the formati
of abrupt interface between the MnSb film and t
GaAs~111!B substrate, with thec axis of MnSb perpendicu
lar to the substrate which is consistent with the crystal o
entation of MnSb~0001! on GaAs~111!B. At the interface
dislocations are completely relaxed. RHEED, XRD, a
cross-sectional TEM results again show that the MnSb fi
on GaAs~111!B is of very high quality. It is concluded tha
MnSb films on both GaAs~001! and ~111!B substrates are
epitaxially grown and the very abrupt crystallographic int
face structure is observed, however the surface morpho
of the film shows the dependence on the crystallograp
orientation of the substrate surface.

B. Core-level photoemission results of MnSb films
on GaAs „100…

To investigate the chemical structure in MnSb films
GaAs substrates, we have performed synchrotron radia
photoemission measurement. In order to perform a quan
tive analysis, we fit photoemission spectra by using Vo
function, that is a convolution of a Lorentzian that represe
the natural line shape and a Gaussian that represents b
ening contribution from both instrumental factors~limited
experimental resolution from the monochromator and e
tron analyzer! and sample related factors~phonon broaden-
ing and disorders in the sample which gives rise to contri
tions with slightly different binding energies!, with an
integrated background. Photoemission spectra of Ga 3d, As
3d, and Sb 4d core levels from MnSb/GaAs~100! with their
fitted components for various MnSb overlayer thickness
presented in Figs. 3~a!, 3~b!, and 3~c!, respectively.

In the case of Ga 3d core-level spectra, the spin-orb
separation forJ55/2 and 3/2 components is fixed at 0.45 e
and Lorentzian width is fixed at 0.18 eV, where both of t
parameters are consistent with other studies.19–21 The
branching ratio is set at 0.67, which is almost the same as
theoretical value. In Fig. 3~a! Ga 3d photoemission spectr
are shown with the fitting results for various MnSb overlay
thickness. Photoemission spectrum of Ga 3d on GaAs~100!
clean surface shows two surface components~one with
higher and another with lower binding energy! and one com-
ponents from a bulk GaAs. In the Sb-terminated surface,
surface component with a bulk component is observed. T
component corresponds to a Ga-Sb chemical bonding s
The chemical shift of this Ga-Sb component from the b
component is20.37 eV. The origin of this negative chemic
shift in Ga-Sb bonding state is considered as due to a we
bonding in Ga-Sb compared to Ga-As which is origina
from smaller electron negativity of Sb. After the MnSb ove
layer growth, one more additional component at lower bin
ing energy is observed. This additional component co
sponds to a Ga-Mn chemical bonding state because a
MnGa is metallic and a core hole of Ga in Ga-Mn bondi
are considered to be more screened as compared with a
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hole in Ga-Sb bonding. The chemical shift of the Ga-M
component from the bulk component is estimated to20.81
eV. Above the thickness of MnSb overlayer of 23 Å, th
intensity of Ga 3d peak remains unchanged indicating t
Ga segregation to the surface of the film. This behavior of
3d peak intensity is discussed later. With increasing
MnSb overlayer thickness, an enhancement of Ga-Sb c
ponent is observed in the first stage. However, while
overlayer thickness increases from 23 to 72 Å, a Ga-
component drastically increases and in the thick MnSb fi
~237 Å!, the intensities of both Ga-Sb and Ga-Mn are alm
equal.

In the case of As 3d spectra, the spin-orbit separatio
Lorentzian width, and the branching ratio are set to be 0.
0.14, and 0.66 eV, respectively. These values are consis
with other studies on the photoemission spectra
GaAs.19–21As 3d photoemission spectra are shown with t
fitting results for various MnSb overlayer thickness in F
3~b!. As 3d photoemission spectrum of a clean~100! surface
shows two surface components~located at a higher and
lower binding energy! with a bulk As-Ga component. In the
Sb-terminated surface, the similar features are observed.
ter the MnSb overlayer growth, one additional componen
the lower binding energy is observed. This additional co
ponent shows the chemical shift~from the bulk component!
of about20.52 eV and corresponds to an As-Mn chemic
bonding state because a bulk MnAs shows metallic cha
teristics and the core-hole screening is quite large compa
to that in semiconducting GaAs. The intensity of the As 3d
peak decreases gradually with increasing the thicknes
MnSb film and the As 3d peak could not be observed at th
thickness of 273 Å. The behavior of the As 3d peak intensity
is also discussed later.

In the case of Sb 4d, the fitting procedure is rather com
plicated because the Sb peaks from Sb-Mn bonding s
show the asymmetric line-shapes due to the metallic cha
teristics in MnSb and the Sb 4d peaks also show the branch
ing ratio anisotropy. The spin-orbit separation and Lorenz
width are set to be 1.24 and 0.18 eV, respectively, and
consistent with other photoemission studies.21,22The branch-
ing ratio is set at 0.7 for all the component. For a compon
from Sb-Mn chemical bonding state, we use Doniach-Sunˇc
asymmetric line shapes.23 For Sb-Mn components the singu
larity is set at 0.16 and for the other components the sin
larity is set at zero. Sb 4d photoemission spectra are show
with the fitting results for various MnSb overlayer thickne
in Fig. 3~c!. Two components were found in the photoem
sion spectra of Sb-terminated GaAs~100!. The component at
the lower binding energy corresponds to a Sb-Ga chem
bonding state and the components at the higher binding
ergy corresponds to a Sb-As chemical bonding state.
chemical shift of Sb-As component from the Sb-Ga comp
nent is 0.79 eV. With increasing the MnSb overlayer thic
ness, asymmetric peaks are observed in the photoemis
spectra. This additional component corresponds to a Sb
chemical bonding from MnSb overlayers with the chemic
shift from the Sb-Ga of20.55 eV. At the first stage the
8-3
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FIG. 3. Photoemission spectra of MnSb/GaAs~100! taken athn5118.9 eV for various MnSb thicknesses~as indicated! from ~a! Ga 3d,
~b! As 3d, and~c! Sb 4d core levels. The raw photoemission data are shown by solid circles and the deconvoluted components ar
by solid lines below the raw data. Furthermore, fitted reslults obtained from the sum of these deconvoluted components and an
background are shown by solid lines at the same level as the raw photoemission data. The assignments of each deconvoluted com
also presented and are discussed in the text.
085328-4
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Ga SEGREGATION IN MnSb EPITAXIAL GROWTH ON . . . PHYSICAL REVIEW B64 085328
Sb-Ga bonding state remains in the MnSb overlayers, w
above 72 Å the Sb-Ga bonding state could not be obse
and Sb 4d peaks contains only single component of t
Sb-Mn bonding state.

C. Core-level photoemission results of MnSb films
on GaAs „111…B

Similar behavior is also observed in the epitaxial grow
of MnSb on GaAs~111!B substrates. Figures 4~a!, 4~b!, and
4~c! show the photoemission spectra of Ga 3d, As 3d, and
Sb 4d core levels from MnSb/GaAs~111!B with their fitted
components for various MnSb overlayer thickness, resp
tively. In the fitting procedures for Ga 3d, As 3d, and Sb 4d,
the same parameters of spin-orbit splitting, branching ra
and Lorentzian width are used, namely, 0.45, 0.67, and 0
eV for Ga 3d, 0.68, 0.66, and 0.14 eV for As 3d, and 1.24,
0.70, and 0.18 eV for Sb 4d, respectively. However for the
Sb-Mn component of Sb 4d, we used the singularity of 0.11
which is slightly smaller than that is used for MnS
GaAs~100!.

Figure 4~a! shows Ga 3d photoemission spectra with th
fitted components for various MnSb overlayer thickne
Photoemission spectrum of GaAs~111!B clean surface show
one surface components at the lower binding energy and
components from a bulk GaAs. In the Sb-terminated surfa
the similar features are observed, however, a compone
the lower binding energy in the spectra is thought to cor
spond to the Ga-Sb chemical bonding state, since the ch
cal shift of this Ga-Sb component from the bulk compon
is 20.44 eV which is similar to the chemical shift of Ga-S
observed in MnSb/GaAs~100!. After the MnSb overlayer
growth, the Ga-Sb component is rapidly enhanced. Ab
the MnSb overlayer thickness of 25 Å, one more additio
component at the lower binding energy is observed, co
sponding to the Ga-Mn chemical bonding state. The che
cal shift of the Ga-Mn component from the bulk compone
is estimated to20.94 eV. Above the thickness of MnSb ove
layer of 9.3 Å, the intensity of Ga 3d peak remains un-
changed indicating the Ga segregation to the surface of
film. This behavior of Ga 3d peak intensity is also discusse
later. Different from the growth of MnSb on GaAs~100!, the
main contribution of the Ga component in MnSb o
GaAs~111!B is the Ga-Sb chemical bonding state. In t
thick MnSb films~75 and 240 Å!, the Ga-Sb bonding state i
dominant in the Ga 3d spectra.

In the case of As 3d, the situation is very similar to tha
observed in MnSb/GaAs~100!. As 3d photoemission spectr
are shown with the fitting results for various MnSb overlay
thickness in Fig. 4~b!. The As 3d photoemission spectrum o
a clean~111!B surface also shows two surface compone
~located at a higher and a lower binding energy! with a bulk
As-Ga component. In the Sb-terminated surface, the sim
features are observed. After the MnSb overlayer growth,
additional component also appears at the lower binding
ergy. This additional component shows the chemical shif
about20.47 eV from the bulk component and correspon
to the As-Mn chemical bonding state. The intensity of Asd
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peak decreases gradually with increasing the thicknes
MnSb film and the As 3d peak could not be observed at th
thickness of 75 Å. The behavior of As 3d intensity is also
discussed later.

The behavior of Sb 4d is also very similar to that in
MnSb/GaAs~100!. Sb 4d photoemission spectra are show
with the fitting results for various MnSb overlayer thickne
in Fig. 4~c!. Two components were also found in the phot
emission spectra of Sb terminated GaAs~111!B. The compo-
nent at the lower binding energy corresponds to a Sb
chemical bonding state and the components at the hig
binding energy corresponds to a Sb-As chemical bond
state with the chemical shift of Sb-As component from t
Sb-Ga component of 0.43 eV. The smaller chemical s
may be originated from the different surface structures
different GaAs substrates. With increasing the MnSb ov
layer thickness, asymmetric peaks are observed in the p
toemission spectra. This additional component correspo
to the Sb-Mn chemical bonding state with the chemical s
from the Sb-Ga of20.50 eV. At the first stage the Sb-G
bonding state remains in the MnSb overlayers, while ab
75 Å the Sb-Ga bonding state could not be observed and
4d peaks contain only single component of the Sb-Mn bo
ing state.

D. Ga segregation in MnSb epitaxial growth
on GaAs „100… and „111…B

Considering the above photoemission results, we disc
the Ga-segregation in MnSb epitaxial growth on bo
GaAs~100! and ~111!B substrates. To clarify the Ga
segregation behavior, we must discriminate between
segregation at the MnSb surface and Ga interdiffusion i
the MnSb film. To eliminate the possibility of Ga
interdiffusion into the MnSb film, we plotted the normalize
absolute Ga 3d and As 3d photoemission intensities as
function of MnSb overlayer thickness on the GaAs~100! sub-
strate@Fig. 5~a!# and the GaAs~111!B substrate@Fig. 5~b!#.
To determine the absolute photoemission intensity, the s
of areas in all photoemission components was normalized
background intensity. The absolute intensity in each ov
layer thickness is normalized by that for the Sb-termina
surface. In the case of MnSb growth on GaAs~100! which is
shown in Fig. 5~a!, As 3d decreases gradually, whereas G
3d remains constant above 23 Å. The decrease of the Asd
intensity as a function of overlayer thickness is relative
slow, indicating a little As interdiffusion into MnSb occurs a
the initial growth until the overlayer thickness up to 72 Å
The thickness of the segregated Ga layer estimated by
absolute photoemission peak intensity ratio of Ga 3d and Sb
4d and the escape depth of photoelectrons is about 0.5
In the case of MnSb growth on GaAs~111!B which is shown
in Fig. 5~b!, As 3d rapidly decreases, whereas Ga 3d re-
mains constant above 9.3 Å. The rapid decrease of Asd
intensity indicates a less As interdiffusion into MnSb films
the initial growth of MnSb on GaAs~111!B. The absolute
intensity of Ga 3d in MnSb/GaAs~111!B is about twice of
that in MnSb/GaAs~111!B and the thickness of the segre
8-5
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FIG. 4. Photoemission spectra of MnSb/GaAs~111!B taken athn5118.9 eV for various MnSb thickness~as indicated! from ~a! Ga 3d,
~b! As 3d, and~c! Sb 4d core levels. The raw photoemission data are shown by solid circles and the deconvoluted components ar
by solid lines below the raw data. Furthermore, fitted reslults obtained from the sum of these deconvoluted components and an
background are shown by solid lines at the same level as the raw photoemission data. The assignments of each deconvoluted com
also presented and are discussed in the text.
085328-6
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Ga SEGREGATION IN MnSb EPITAXIAL GROWTH ON . . . PHYSICAL REVIEW B64 085328
gated Ga layer is about 1.0 ML. These results strongly s
gest that the Ga segregation occurs at the surface. The t
ness of the segregated Ga layer depends on the crys
graphic orientation of the substrate surface. In the cas

FIG. 5. Normalized absolute Ga 3d and As 3d photoemission
intensities as a function of MnSb overlayer thickness on~a! the
GaAs~100! substrate and~b! the GaAs~111!B substrate. The inten
sity of Ga 3d is shown in filled diamonds and the intensity of As 3d
is shown in open squares. The MnSb overlayer thickness of
indicates the Sb-terminated surface and the absolute intensi
each thickness is normalized by that of the Sb-terminated surfa
st

a

.M

da

.M

08532
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MnSb~0001!/GaAs~111!B, a top surface layer of
MnSb~0001! surface is a Sb layer and just 1 ML of segr
gated Ga layer is bonded to the Sb layer, which is confirm
by Ga 3d photoemission in Fig. 4~a!. A hexagonal lattice of
MnSb is fitted for GaAs~111!B, which has sixfold symmetry
Whereas in the case of MnSb~11̄01!/GaAs~100!, both Mn
and Sb atoms are existed on the top surface layer, and
regated Ga layer is bonded to both Mn and Sb as obse
by Ga 3d photoemission in Fig. 3~a!. The surface structure
of MnSb surfaces, however, could not be revealed yet
detailed structure of segregated Ga layer is not underst
The surface of MnSb film on GaAs~111!B observed by
RHEED is very smooth compared to that on GaAs~100!,
furthermore in the TEM observation, the dislocations are
laxed near the interface in both films. As the reason for
difference in surface roughness, it is suggested that the
regated Ga layer acts as a surfactant and decrease the su
energy and contribute to the layer-by-layer growth. T
thickness of the surfactant layer is thought to have an in
ence on the surface morphology of the MnSb film.

IV. CONCLUSION

In conclusion, we have investigated the initial grow
mechanisms and found the Ga segregation during the ep
ial growth of MnSb thin films on GaAs~100! and ~111!B
substrates by quantitative analysis of Ga, As, and Sb c
levels. The Ga 3d photoemission peak intensity remains u
changed with increasing MnSb overlayer thickness. Howe
the As 3d peak intensity decreases gradually. These res
suggest that the Ga atoms are segregated at the surface
ing the growth. The thickness of the Ga segregation layer
estimated to 0.5 monolayer~ML ! for MnSb on GaAs~100!
and 1.0 ML for MnSb on GaAs~111!B. The thickness of the
segregated Ga layer is thought to have an influence on
surface morphology of the MnSb film.
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