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Above-room-temperature ferromagnetism in GaSb  /Mn digital alloys
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Digital alloys of GaSb/Mn have been fabricated by molecular-beam epitaxy. Transmission electron
micrographs showed good crystal quality with individual Mn-containing layers well resolved, no
evidence of three-dimensional MnSb precipitates was seen in as-grown samples. All samples studied
exhibited ferromagnetism with temperature-dependent hysteresis loops in the magnetization
accompanied by metallis-type conductivity with a strong anomalous Hall effésHE) up to 400

K (limited by the experimental setupThe anomalous Hall effect shows hysteresis loops at low
temperatures and above room temperature very similar to those seen in the magnetization. The
strong AHE with hysteresis indicates that the holes interact with the Mn spins above room
temperature. All samples are metallic, which is important for spintronics application2002
American Institute of Physics[DOI: 10.1063/1.1481184

Ferromagnetic [ll-Mn—-V semiconductors, such asferromagnetic semiconductors is to incorporate Mn into the
GaMnAs, InMnAs random alloys, and heterostructures basetlost materials in the form of digital alloys, this approach has
on them, have revealed many interesting physical propertielseen explored recently in the GaAs/Mn systErt This ap-
and spintronic device possibilitié€. The InAs/GaSb-based proach would lead to submonolayers of MnAs in GaAs or
heterostructure system has, due to the unique band alighrAs, or MnSb in GaSh. Because only 1/2 ML of Mn can be
ment, the additional advantage of spatially separating eleaeposited with this techniqué® lateral two-dimensional
trons and holes, which permits optical and electrical tuning2D) islands of MnAs or MnSkdepending on the host ma-
of ferromagnetisni:* Furthermore, these materials and het-terial) can be expected in addition to randomly distributed
erostructures are strong candidates for active components dfn ions within the Mn-containing layers. Some migration of
spintronic devices due to the high mobility of InAs and the Mn into adjacent layers of the host lattice is also expected.
extensive applications of the heterostructure systems as ifFhe advantage of such structures is that the carriers in a
frared sources and detectors. However, while GaMnAs andigital alloy can interact with both the magnetic and the
INMnAs exhibit well-defined hysteresis loops in the ferro- semiconducting components of the structures. This contrasts
magnetic phase in GaMnSb, the reporfedis low (25 K)  with the case of 3D precipitates embedded in Il1-V struc-
and the hysteresis loops are very small. tures, for which there appears to be no carrier interaction

The highesfT observed in the 1lI-V materials so far is with ferromagnetisnt?*

110 K in GaMnAs®’ Theoretical calculations based on the The mechanisiis) of ferromagnetism for GaAs/Mn digi-
Zener model with free holes mediating the exchange interacal alloys remain uncledr;*® partly because of the large
tion have shown that the spin—orbit interaction and the denrange of hole concentrations and the observation of both me-
sity of states at the Fermi energy are important parameters irallic and activated electrical transport with similBgs,'>*2
determiningTc .8 These calculations, which focused on con-and also the complexity of Mn/carrier interactions in
ventional alloys containing randomly distributed Mn in the generaft’'8The absence of established theories and the like-
host materials, predict room temperature ferromagnetism ifihood of lateral 2D MnAs or MnSb islands in the digital
GaMnN and ZnMnO. These materials have been investigatealloys under investigation suggests that a comparisohof
experimentally, and ferromagnetism at high temperatures ifor bulk MnAs and MnSh(in the NiAs structurg might be
crystalline ZnCoO and in GaMnN has been repoftél. useful as a rough guide to understanding the qualitative be-
However, epitaxial growth of both ZnO- and GaN-based fer-havior and suggesting fruitful avenues to explore in the
romagnetic materials and their integration with commonlysearch for higheT. The Curie temperature for MnAs is
used IllI-Vs remain problematic. Room temperature ferro-310 K, while that for MnSb is 580 K. This suggests that
ma%netism has been recently observed in,T@ntaining GaSb/Mn might be an interesting candidate for increased
Co: Tt

One approach to increasifig and the quality of 111-V Recently, random alloys of GaMnSb have been grown
by molecular beam epitaxy and their structural, magnetic,

author to whom correspondence should be addressed:; electronic maipNd electrical properties CharaCterifeld- Two types of
luo@buffalo.edu samples were studied: high-temperature-growng,«ym
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FIG. 1. TEM image of a digital alloy with a repeat unit of MA.5 ML)/ gL . . R S
GaShb(12 ML). The dark lines correspond to Mn-containing layers. -15 10 5 0 52 10 15
Magnetic Field (10 T)

>550°C) GaMnSh samples that contain 3D MnSb precipiFIG. 2. Hysteresis loops of the sample shown in Fig. 1, observed with a
tates, and low-temperatur.T)-grown GaMnSb samples SQUID magnetometer and temperature dependence of the remanent magne-
that do not show precipitates. As is the case for GaMnAs, L'IIlzatlon (inses.
growth is necessary to avoid MnSb precipitation. Samples
grown at high temperatures with 3D MnSb precipitates argerature, as indicated by hysteresis loops in the magnetiza-
characterized by nearly temperature independent hysteredisn (all samples studied showed qualitatively similar mag-
loops between liquid helium temperature and roomnetic behavior The ferromagnetism is observed at
temperaturé? There is no observable anomalous Hall effecttemperatures up to 400 K, the upper limit of our magneto-
(AHE) in the same temperature range, indicating no measumeter, and thus we can only state tfiat>400 K. The hys-
able interaction between the carriers and the ferromagneti@resis loops show clear temperature dependence over the
precipitates. In contrast, in the GaMnSh samples grown at LEntire range of temperatures studied, as can be seen in Fig. 2.
without precipitates, a strong AHE was observed below 25 KFerromagnetic behavior at room temperature is also seen in
with a negative AHE coefficiemt;this was taken to be evi- GaMnSb, when there are 3D MnSb precipitates, with
dence of ferromagnetism, similar to the case for LT-growntemperature-independent hysteresis loops in which the room
GaMnAs. The highest reported for GaMnSb random al- temperature coercive field is nearly identical to that at 5 K.
loys (from magnetotransport datés approximately 25 K, One can thus conclude from the SQUID measurements that
much lower than that for GaMnAS. the observed ferromagnetism in the present samples is not
In this work we examine GaSb/Mn digital alloys grown due to 3D MnSb precipitates.
by MBE on (100 GaAs substrates. Because of the large  Our magnetotransport measurements allow us to exam-
lattice mismatch between GaSh and GdA%$%), the digital ine the interactions between charge carriers and magnetic
alloys were grown on GaSb buffer layefsominally 500 ions, as has been done in previous studies of magnetic
nm). The growth was monitored with reflection high-energy semiconductor3®* All samples exhibit metallic behavior,
electron diffraction(RHEED). The GaSb/Mn digital alloys rather than the thermally activated behavior observed in our
consist of 50 periods of 0.5 ML Mn layers separated bystudies of GaAs/Mn digital alloys’ The zero-field resistance
GaSb layers of various thicknesses. For electrical measurés only weakly dependent on temperature. As discussed ear-
ments,p* contacts were made in a van der Pauw configuratier, one of the most important properties of ferromagnetic
tion by Au metallization and subsequent diffusion at 250 °C.semiconductors is the interaction between itinerant carriers
We characterized the samples with superconductingnd localized electron spins in Mn ions. At low applied
guantum interference devidSQUID) magnetometry, trans- fields, the AHE provides information about the Mn-
mission electron microscopyrEM), magnetic force micros- generated internal field experienced by itinerant carriers. The
copy, and magnetotransport measurements in the van d&HE first decreases with temperature but remains strong up
Pauw and Hall bar configurations. This combination of meato 400 K (data are shown in Fig. 3 for 4 and 400 K for
surements allowed us to elucidate the magnetic and the strusimplicity)—the slope of the Hall resistance near zero field is
tural properties, as well as the interaction between the M measure of the magnetization, as well as strength of its
spins and the itinerant carriers. A TEM image of one of thecoupling with the carriers. The sign of the AHE is related to
digital alloys, consisting of 0.5 ML of Mn and 12 ML of the band structure of the itinerant carriers and the spin—orbit
GaSb as the repeat unit, is shown in Fig. 1. The imagénteraction’’ We note that other possibilities, such as two
clearly shows the well-resolved 2D Mn-containing layerscarrier(electrons and holégonduction, can also lead to be-
(dark and the GaSb spacer layédlight), and indicates good havior like that of Fig. 3. The hysteretic behavi@emon-
structural quality. We note that the thickness of Mn-strated by the open loops in the inset to Fig. 3 at 4 and 400
containing layers cannot be estimated from the micrograph) is an unambiguous signature of both ferromagnetism for
because TEM is sensitive to the strain distribution, rathethe magnetic component and its interaction with itinerant
than the chemical composition. Importantly, there is no indi-carriers(holes.
cation of 3D MnSb precipitates at this resolution and we  As mentioned above, previous work on GaMnSb
have seen no evidence at higher resolutfbn. samples containing 3D MnSb precipitates showed no clear

All samples showed ferromagnetism above room temAHE even at liquid helium temperatuté. The AHE ob-
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- (b) random alloys at low temperatures. The observed ferromag-
3_“ o netism at higher temperatures is associated with the 2D
oL MnSb islands, which may be related to the highin bulk
e - MnSb (580 K). A detailed theoretical study is needed to fully
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