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Ferromagnetic clusters were incorporated into GaAs samples by Mn implantation and subsequent
annealing. The composition and structural properties of the Mn-based nanoclusters formed at the
surface and buried into the GaAs sample were analyzed by x-ray and microscopic techniques. Our
measurements indicate the presence of buried MnAs nanoclusters with a structural phase transition
around 40 °C, in accord with the first-order magneto-structural phase transition of bulk MnAs. We
discuss the structural behavior of these nanoclusters during their formation and phase transition,
which is an important point for technological applications2@5 American Institute of Physics
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The possibility of preparing submicron ferromagnets in  Semi-insulating GaA4001) substrates were implanted
semiconductors is of strong interest to the development ofvith Mn* ions with 200 keV and doses of 15310 cm™2.
new spintronic devicek? The formation of Mn-based nano- Subsequent rapid thermal anneal(iRfA) was performed at
clusters in GaAs samples by ion implantation and subseque00-900 °C for 2—-60 s in Ar atmosphere with the samples
annealind®is a relatively simple technique compared to thecovered with a Si plate to minimize As evaporation. X-ray
growth of (GaAgMn diluted material by epitaxial tech- diffraction measurements were performed at the Brazilian
niques, with the advantages of easy control of the Mn relaNational Synchrotron Light LaboratofNLS) using a 7600
tive density and the possibility of spatial confinement witheV energy beam with the sample temperature controlled by a
mask patterning. Both GaM(Refs. 3,4 and MnAs(Refs.  Peltier thermoelectric device. Atomic force microscopy
6,7) present room temperature ferromagnetism. MnAs exhib{AFM) images were used to spatially probe the topography
its a simultaneous structural and magnetic first-order phasef the samples surface. For structural and composition analy-
transiton at ~40 °C, from hexagonal-ferromagnetic sis, cross-sectional transmission electron microsdadjiM)
(a-phasg to orthorhombic-paramagneti@-phas¢.®’ A re-  and energy dispersive x-rdfEDX) measurements were em-
markable aspect from the structural point of view is that thePloyed with a JEM-3010 URP microscope operating at 300
Mn nanostructures obtained by ion implantation presenkV.: The depth distribution of Mn was investigated by sec-
good crystal quality despite the structural difference betweefNdary ion mass spectromet$IMS) measurements.
those structures and the GaAs matrix. Both MnAs After annealing we observed a strong diffusion of Mn
(orthorhombic/hexagongl” and GaMn (icosahedraf ex- ~ towards the sample surface resulting in the formation of sur-

hibit lattice structures that are markedly different from theface clusters with a ferromagnetic character. The AFM image

cubic GaAs. The dynamics of formation of Mn nanoclustersfom & typical sampl¢Fig. 1(2)] shows nanoclusters with a

remains mostly unknown. A detailed analysis of this systenfn€@n diameter of-200 nm, mean height of-15 nm and
requires several complex techniques. average density of-2.5x 108 cm™2. TEM measurements re-

We investigate the structure and composition of mag_vealed that the surface nanoclusters may assume various dis-

netic nanoclusters created by Mn implantation on GaA§inCt shapes, as shown by the cross-sectional images pre-

samples with special emphasis on MnAs clusters and theﬁ‘ﬁnlt;ad n Flfgs. ®) tandt Iz);;oo'm 1hm' Fr']g It;]) markstr?
properties. Our results indicate the presence of MnAs nancs, 'alowW surface structur nm height, whereas the

clusters embedded in the GaAs sample presenting a Stru;tructure presented on Fig(c] (point 4 is much larger

S . . .1 (~70 nm height and shows more defined facets. Further-
tural phase transition typical of bulk MnAs with a substantial .
-k : . . more, we observe the presence of buried nanoclusters as a
variation of their lattice constants despite severe three-

dimensional constraints imposed by the GaAs matrix series of nearly circular structures with diameters of the or-
P y ’ der of ~50 nm along a line parallel to the sample surface
[point 3 in Fig. Xb)]. The buried nanoclusters are formed at
dpresent address: UNESP, U. D. Sorocaba/lperé, Sorocaba 18087-180, Sa—depth of~150 nm below the sample surface. This agrees
W?:Zi'm address: Penn State University, Department of Physics, Ins. M with the mean projected range of the Mn ions simulated by
Res., University Park, Pennsylvania 16802. %e_TRIM code and with the local maximum of Mn concen-
9present address: Nizhny Novgorod Sate University, 603950 Nizhnyiration observed by SIMS even for annealed samples. Similar

Novgorod, Russia. results were previously report@d.
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FIG. 1. () AFM image showing the
nanoclusters formed at the surface of a
Mn implanted GaAs sample with sub-
sequent annealingb) and (c) Cross-
sectional TEM image on Mn-
. . . implanted samples. The points
Ga indicated by numbers correspond to
Mn 1 the positions analyzed by EDXd)
EDX emission spectra for the points
As marked at the TEM images.
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EDX spectra at the points marked by numbers on Figsof a-MnAs 5’ giving evidence to the presence of pure MnAs
1(b) and Xc) are presented in Fig.(d). The composition nanoclusters. Based on EDX results, we believe that those
analysis is semiqualitative due to the large uncertainty origiMnAs nanoclusters are buried in the GaAs matrix. Figure 2
nating from the signal integration over a relatively large vol-shows x-ray diffraction patterns for a heating cycle from 14
ume, defined by the area of the electron beam pfdiEm- to 81 °C at this diffraction peak. At low temperatures the
eter of ~20 nm) and the sample thickness prepared for EDXpeak is at~52.15 °; between 40 °C and 50 °C it shifts to
measurement6~100 nm). When this volume is larger than larger angles and for higher temperatures it is~&2.33 °.
that of the nanocluster, the signal includes a non-negligibléAll other diffraction peaks of the sample remain basically
contribution from the surrounding GaAs matrix that must beconstant with temperature, showing only a slight shift to
taken into account. Emission from Mn atoms was observegmaller angles, i.e., larger lattice parameters, due to thermal
for all nanoclusters, but no Mn emission was detected fronexpansion. The behavior is reversed in a cooling cycle and is
regions adjacent to nanostructufesich as point 2 in Fig. fully reproducible for various cycles.

1(b)] indicating that the Mn is strongly concentrated at the ~ The temperature dependence of the basal-lattice param-

nanoclusters. We estimated the Ga/As ratio of the nanocluster of the hexagonal structueeobtained from the1120)

ters considering the ratio between the emission intensitieginAs diffraction peak is compared in Fig. 3 with the corre-
from Ga and As for their surrounding regions as a referencgponding bulk MnAs values extracted from Ref. 6. The
of a pure GaAs material and taking into account their dimenyas|-lattice constant from the nanoclusters also presents a

sions relative to the probe volume. The buried structuresignificant variation around the bulk phase transition tem-
[point 3 in Fig. 1a)] present a relatively strong EDX signal

from Mn atoms and a Ga/As composition ratio smaller than . ,

that of the GaAs reference. The Ga emission corresponds ]
GaAs(zzi))J mzo)
= \ -
/ a5 B

GaAs region of those relatively small clusters. Therefore
they must be composed of pure MnAs of@a,A9Mn alloy

with a residually low Ga concentration. On the other hand,
the EDX spectrum for the larger surface structiypeint 4 in

Fig. 1(c)] shows almost no emission from As atoms, indicat-
ing that those structures are composed mainly of GaMn. The
uncertainty is obviously larger for the smaller surface struc-
tures[point 1 at Fig. 1b)] for which EDX results indicate a
(Ga,A9Mn alloy with a As concentration slightly larger than
Ga.

The inset of Fig. 2 shows a x-ray diffraction spectrum
from a Mn implanted GaAs sample measured at room tem-
perature in a grazing-incidence diffracti¢61D) configura- 20 (degree)
tion. The dominant peak atf248.2° corresponds to the

approximately to the signal expected from the surrounding
5]

50
20 (degree)

Intensity (arbitrary units)

GaAs (220 diffraction and the various additional peaks areF'G; 2. Thermal variation of the x-ray dlffractlon patterns of the. MnAs
(1120) plane from the nanoclusters. The inset shows a x-ray diffraction

aFmbUted to(Ga,A9Mn a||_0y§ with _dlﬁerent-gomPPSltlpns' nattern obtained from the same sample at room temperat28 °C) for a
The peak at 2~52.2° coincides with thé1120) reflection larger 2 range.
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373 ' L o MrAsra lieve the strain. Below this temperature, the MnAs nanoclus-
. a - MnAs nanoclusters . _
= —m—a-bulk MnAs ter must follow the GaAs thermal expansion coefficient and
S anel \ -"'eG;‘;;Tj,:“;imeiem _ strain will therefore accumulate at the nanocluster. Since the
7 a-phase GaAs thermal expansion coefficient is smaller than that of
8 37y heating 1 MnAs, the basal-lattice constant from the MnAs nanostruc-
.§ cooling Q\ tures cooled to-80 °C (B-phasé should end up larger than
s 870rPOTEN e Ee—e that of bulk MnAs, as observed. The temperature from which
3 269 strain starts to build up at the MnAs nanostructure can be
8 - B-phase . . . .
. / estimated by the crossing point of the extrapolation of the
S 368} - bulk and the nanoclusters data, which gives60 °C, a very

h 1 - P~ 700 feasible value.

The fact that the first-order magneto-structural phase
transition of MnAs persists for MnAs nanoclusters with di-
FIG. 3. Temperature dependence of the basal lattice corsatained for ~Mensions of the order of 50 nm embedded in a GaAs matrix
the MnAs nanocluster®pen circlesand for bulk MnAs(dashed ling(Ref. ~ iS a novel result that may have very interesting conse-
6). The continuous Ii_ne is a linear fit for tlj_é_phase lattice parameter from guences. The expansion/contraction of buried MnAs nano-
:ﬂzr:f‘a?‘;i';‘;esriinuig‘gﬁz?e5:?‘:('31'0%76}(?'?&2; i%'_resmnd'”g to the GaAElus_ters during phase transition should be strongly con-

strained by the GaAs matrix. In fact, an ideal nanocluster
) . .. .surrounded by an infinitely larger GaAs matrix should not
perature. The magnitude of the lattice parameter variation isyresent a structural transition at all, being obliged to follow
however, very different for the two systems. As compared G thermal variation of the GaAs matrix. The weakened, but
the bulk values, the value @f obtained for the nanoclusters nonzero, basal-lattice constant variation displayed by the

is larger at theo,B—phase (T>_50 QC_) (_amd smaller at the MnAs nanoclusters may be attributed to a residual degree of
a-phase(T<30 °C), so that its variation during the phase geeqom from lattice defects formed around the nanocluster

transition(~0.3%) is much smaller than the corresponding 5 5 partial relief of strain to the surrounding GaAs mate-
bulk variation(~19%). Furthermore, the nanoclusters lattice (i Sirain effects significantly affect the stability of the fer-

parameter presents a thermal hysteresis, i.e., the phase trggmagnetica-phase MnAs nanoclusters and they must there-

sition occurs at higher temperatures during heating as comge pe considered in the development of device applications
pared to a cooling cycle, and is not very abrupt, which ispased on such nanostructures.

attributed to the coexistence of the two phases. This coexist-
ence can arise from a single nanostructure and/or a distribu- We kindly acknowledge the financial support from
tion of purea- and B-phase nanostructures and its origin is FAPESP, CAPES, and CNPg. TEM measurements were
still a subject of investigation. Both the coexistence and thenade at the LME laboratory of the Brazilian National Syn-
hysteresis have been observed in previous Wrkson thin  chrotron Light LaboratorfLNLS), Campinas-SP, Brazil.
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