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MnSb ultrathin films with the nominal thickness of 0–1.40 nm were grown on sulfur passivated
GaAs substrates by molecular beam epitaxy. Atomic force microscopy analysis showed that MnSb
formed nanosize clusters on the substrate, and the coalescence of the clusters occurred at the
nominal thickness between 0.70 and 1.05 nm. The intensity of the polar magnetic circular dichroism
of MnSb clusters suddenly increased when the nominal thickness reached the critical value of 1.05
nm. The coalescence among the dots can be correlated with the sharp increase of the magnetic
circular dichroism intensity. ©2000 American Institute of Physics.@S0003-6951~00!01013-5#
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Hybrid structures of nanoscaled manganese compou
and semiconductors are expected to exhibit interesting p
erties because of their various magnetic characters, or
cific electronic structures at the interface between ferrom
netic materials and semiconductors.1–7 We have reported
upon the preliminary results of the cluster formation of ma
ganese pnictides on GaAs substrates by using sulfur pas
tion technique.8,9 It is well known that GaAs substrates te
minated by VI-element atoms like sulfur or selenium ha
low surface energy, and several studies of forming nanoc
tal of III–V compound semiconductors on the substra
have been reported.10,11This method is superior in terms tha
the sefl-assembled growth of metallic clusters on semic
ductors can be easily performed. Although magneto-opt
properties of manganese compounds have been extens
investigated,12–16 no magneto-optical study on the nano
caled ferromagnetic dots has been reported so far. In
letter, we show the formation and magneto-optical proper
of nanoscaled MnSb dots grown on sulfur passivated G
substrates.

The samples were grown on semi-insulating GaAs~001!
epi-ready substrates by a conventional molecular beam
taxy ~MBE! technique. To terminate the surface of Ga
substrates by sulfur, the substrate was dipped into
~NH4!2Sx solution for 1h, then rinsed by pure water. Aft
the thermal cleaning at 400–500 °C in ultrahigh vacuum,
reflection high energy electron diffraction from the surfa
showed the~131! pattern. The~131! streaky pattern re-
mained unchanged at the growth temperature of 250 °C.
flux ratio of Sb/Mn was set at 4–5. The wedge-like MnS
film with the nominal thickness from 0 to 1.05 nm was fa
ricated using a linear shutter equipped in the growth cham
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at 250 °C. Here, the nominal thickness means the thickn
in case MnSb forms a uniform thin film.17 It was verified that
no contamination such as oxygen was detected before
deposition of MnSb byin situ Auger analyzer equipped with
the growth chamber.

The surface morphology of samples was evaluated byex
situ atomic force microscopy~AFM! using the tapping mode
Four samples with a nominal thicknesses of 0, 0.35, 0.
and 1.05 nm were investigated. Figure 1~a! shows the AFM
image of the sample with a nominal thickness of 0.70 n
The density of dots~the number of dots in an unit area!
increased gradually from 0 to 0.70 nm, and almost satura
for more than 0.70 nm. The average densities of dots at 0
0.70, and 1.05 nm were estimated from the AFM images
be about 6.331010, 9.331010, and 9.431010 cm22, respec-
tively. No significant change of the average dot diame
~about 20–30 nm! was observed in the whole range of the
nominal thicknesses. The average height of the dots was
timated by a cross-sectional analysis on each sample
shown in Fig. 1~b!. With increase of the nominal thicknes
the average height increased gradually~from 2.2 to 2.5 nm!.
The increase in the average height is, however, much sm
than that in the amount of deposited atoms.

FIG. 1. ~a! Atomic force microscopy image of MnSb dots grown at 250 °
The nominal thickness is 0.7 nm. Clusters of MnSb self-arranged on G
have the density~the number of dots in a unit area! of about 9.031010 cm22

and an average height of 2.0–3.0 nm.~b! The images of cross-sectiona
analysis on MnSb dots grown at 250 °C with a nominal thickness of 0
nm.
3 © 2000 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Assuming that each dot has a truncated cone-like sh
as seen in AFM images, it is estimated that the coalesce
among neighboring dots will start between the nomi
thickness of 0.70 and 1.05 nm. This critical thickness can
calculated by the size of dots and the nominal thickness
MnSb. Over the critical thickness, the vertical growth w
start. This estimation supports that the average density d
not increase above 1.05 nm when the dots are grown
250 °C.

To investigate the magneto-optical properties of Mn
dots, polar magnetic circular dichroism~MCD! measure-
ments in a visible wavelength region were performed. F
the measurements, we prepared another set of samples w
were capped by Sb to prevent the oxidation. It was sho
from our previous study that the oxidation of the surface
MnSb on GaAs~001! becomes active above 270 °C in th
atmospheric condition, so it is considered that oxidation d
not seriously occur.18 However, this Sb cap layer was grow
to make double sure of the MCD measurements. The th
ness of the Sb cap layer was 10 nm, and the growth temp
ture was kept at 50 °C. In this letter, MCDu is defined as
follows:

u5
180

p S R12R2

R11R2
D , ~1!

whereR1 andR2 express the reflectivities fors1 ands2

lights, respectively. MCD spectra were measured using
monochromatic light from a Xe lamp in the waveleng
ranging from 250 to 500 nm in the magnetic field of 1.88
A CD contribution was subtracted by reversing the magn
field. The MCD signals from granular samples were ve
weak, so the signals were accumulated several times to

FIG. 2. MCD spectrum of MnSb dots~1.05 nm! is shown by a thick solid
line. The magneto-optical signal of the GaAs substrate is subtracted
the MCD spectrum. For comparison, MCD spectra of~11̄01! and ~0001!
MnSb thin films ~the thickness is 5 nm! obtained by the MBE growth on
~001! and ~111!B GaAs substrates are shown by solid and dotted lin
respectively. Measurements of dots and thin films were performed at r
temperature~RT!. MCD spectra of~11̄01! bulk MnSb measured at 4 K and
RT are shown by solid and dotted lines, respectively~Ref. 14!. Two bump
structures observed at around 4.0 and 4.5 eV are indicated by vertical
Downloaded 14 Feb 2010 to 130.34.135.83. Redistribution subject to AIP
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prove the signal-to-noise ratio, and obtained the spectra
the smoothing procedure. Figure 2 shows the MCD spect
of MnSb dots with the nominal thickness of 1.05 nm grow
at 250 °C. For comparison, epitaxial~11̄01! and ~0001!
MnSb thin films ~the thickness is 5 nm! grown on GaAs
~001! and ~111! substrates, and the epitaxial~11̄01! MnSb
film ~150 nm! are also shown. Two bump structures
around 4.0 and 4.5 eV were observed in the spectrum of
granular film. The structures commonly appear in all spec
Our previous study revealed that the MCD spectrum
MnSb shows the crystal-orientation dependence.14 When the
incident light is normal to~11̄01! MnSb thin film, the spec-
trum measured at room temperature shows the bump s
tures at around 4.0 and 4.5 eV, and these relative intens
are almost identical. On the other hand, in the spectrum
the ~0001! MnSb thin film the bump structure at around 4
eV becomes weak. Since the intensities of these two bu
are almost identical in the spectrum of the granular fil
MnSb dots are supposed to grow in the same orientation w
the MnSb~11̄01! epitaxial film, indicating that the preferen
tial orientation occurs even though the surface is cove
with sulfur. As shown in this figure, these bump structur
are not seen clearly at room temperature in the spectrum
the bulk MnSb, although they become observable at l
temperature~4 K!. This fact may indicate that a broadenin
of the energy band structure in ultrathin films and the gra
lar film is rather small even at room temperature. It is no
that the additional structure observed at around 3.0 eV in
spectra of ultrathin films and the granular film is due to t
existence ofE1 andE08 peaks of GaAs.19

Figure 3 shows MCD spectra of samples with nomin
thicknesses of 0.35, 0.70, and 1.05 nm. The MCDu intensity
increases clearly when the nominal thickness exceeds
nm. It is thought that a magneticcritical thicknessexists
between 0.70 and 1.05 nm. The room-temperature satura
magnetization values of these samples measured by su
conducting quantum interference device magnetometer
showed the sudden increase between 0.70 and 1.05 nm
value of a sample with the nominal thickness of 1.05 nm
about three times as large as that of 0.70 nm. That of 0
nm is as large as that of 0.7 nm. Therefore, the increas

m

,
m

es.

FIG. 3. The raw MCD spectra of MnSb granular films with various nomin
thicknesses. The spectra of 0.35, 0.70, and 1.05 nm are shown in dotted
solid, and thick solid lines, respectively. Measurements were performe
RT. Sudden enlargement of spectrum is observed when the thicknes
ceeds 0.70 nm. It is noted that the additional structure observed at ar
3.0 eV in the spectra arises from the existence ofE1 andE08 peaks of the
GaAs substrate.19
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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MCD intensity is attributed to the increase of the saturat
magnetization. Although the formation of a magnetic de
layer at the heterointerface is thought to be a plausible c
didate as a reason for the increase of the saturation ma
tization at first glance,20–22the following experimental obser
vations indicate that the critical thickness below which t
magnetization seems to be dead is not explained only by
magnetic dead layer at the interface:

~1! the change of the average height of dots is so small
the ratio of the dead layer thickness to the height of d
is considered not to depend on the nominal thicknes

~2! the cross-sectional transmission electron microscopy
ages~not shown in the present letter! has revealed tha
the interface between MnSb dots and GaAs substra
very abrupt, and no intermixing occurs. One or tw
monolayers of sulfur are thought to prevent the chem
reaction at the interface.

The coalescence among dots may increase the satur
magnetization followed by the increase of the MCD inte
sity. The similar effect of the coalescence has been repo
very recently in Fe/Cu ultrathin films.23 The detailed chemi-
cal investigation of the heterointerface is in progress.

In conclusion, we have studied crystallographic a
magneto-optical properties of MnSb dots grown on sul
passivated GaAs~001! substrates. When the dots were grow
at 250 °C, the density of dots increased with increase of
nominal thickness and saturated above 0.70 nm, while
average size of dots remained almost unchanged in the n
nal thickness ranging from 0.30 to 1.05 nm. MnSb dots
thought to have the preferential orientation of MnSb~11̄01!
judging from the MCD spectra. The MCD intensity of th
dots with the nominal thickness of 1.05 nm showed the s
den increase, and the coalescence among the dots whic
curs around 0.70–1.05 nm can be correlated with the sud
increase.

This work, partly supported by the New Energy and I
dustrial Technology Development Organization~NEDO!,
was performed in JRCAT under the joint research agreem
between NAIR and the Angstrom Technology Partners
~ATP!.
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