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MnAs nanoclusters embedded in GaAs studied by x-ray diffuse and coherent scattering

M. Moreno, B. Jenichen, V. Kaganer, W. Braun, A. Trampert, L. Da¨weritz, and K. H. Ploog
Paul-Drude Institute of Solid-State Electronics, Hausvogteiplatz 5-7, 10117 Berlin, Germany

~Received 27 February 2003; published 26 June 2003!

The structure of phase-separated~Ga, Mn!As, annealed at high temperature (;700 °C), is studied by x-ray
diffraction techniques. Analysis of the x-ray diffuse and coherent scattering reveals two types of clusters:~1!
small clusters detected by diffuse scattering through the distortions they produce in the host matrix and~2!
larger clusters with MnAs structure giving rise to coherent diffraction peaks. The average sizes for the two
cluster types are estimated to be 5 and 18 nm, respectively. The smaller clusters are found to be of vacancy
type. Their density is estimated to be 1.831016 cm23. The hexagonal lattice of the larger MnAs crystallites is

found to be compressed along the@ 2̄110# direction by20.49% with respect to the bulk hexagonal MnAs
lattice. The host zinc blende matrix is found to be under a20.20% tensile strain.

DOI: 10.1103/PhysRevB.67.235206 PACS number~s!: 75.50.Pp, 81.07.2b, 61.10.2i, 75.50.Tt
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I. INTRODUCTION

Today much effort is being devoted to the synthesis a
study of hybrid ferromagnet-semiconductor heterostructu
because of the interesting physical phenomena involved
the relevance of integrating magnetism into optoelectro
device technology.1–8 The synthesis of ferromagnetic nan
sized particles embedded in a semiconductor host is of
ticular interest.9,10 Such materials offer great flexibility fo
exploring carrier spin scattering, because the carrier dens
in semiconductors are tunable over a wide range and t
spatial confinement can be controlled. Despite the great
tential for spin-electronic~spintronic! devices, properties o
ferromagnetic dots in semiconductors have been scarcel
vestigated.

MnAs nanoclusters embedded in GaAs—hereafter
noted GaAs:MnAs—can be obtained by annealing molec
beam epitaxy~MBE!-grown ~Ga, Mn!As alloys.11–17 The
GaAs:MnAs granular material has a ferromagnet
superparamagnetic behavior~depending on the cluster size!
at room temperature12,17,18and exhibits giant magnetoresi
tance and giant magneto-optical effects.13,14,19–21It shows a
high degree of crystalline perfection,16–18and excellent com-
patibility with III-V heterostructures.15 All these properties
make the GaAs:MnAs granular material very well suited
application in magneto-optoelectronic devices.22,23

The use of the electron spin, in future spintronic devic
requires structures with well-controlled material properti
Besides the control of the magnetic properties, there are s
requirements for structural perfection in these devices. In
paper, we report results of structural studies of pha
separated~Ga, Mn!As by x-ray diffuse and coherent scatte
ings. Our motivation is to provide a nondestructive nanosc
structural characterization of the material.

II. EXPERIMENTAL DETAILS

The sample fabrication process included two steps: M
growth of the ternary~Ga, Mn!As alloy and subsequent the
mal annealing. First, a GaAs buffer layer was grown
600 °C on a GaAs~001! substrate. The substrate was th
0163-1829/2003/67~23!/235206~8!/$20.00 67 2352
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cooled down to 255 °C for the growth of 100 nm of LT-GaA
~GaAs grown at low temperature! followed by ;550 nm of
ternary ~Ga, Mn!As. The ~Ga, Mn!As growth rate was 5
nm/min and the As4 /Ga beam-equivalent-pressure ratio w
;20. After growth, the sample was annealedex situ in a
rapid thermal annealing~RTA! oven under flowing nitrogen
gas and covered with a GaAs wafer piece. In the RTA tre
ment, the sample was heated from 200 °C to 700 °C in 2
annealed at 700 °C for 20 s, and cooled down to 400 °C
12 s. After the sample preparation, the structural proper
were analyzed by high-resolution conventional and grazi
incidence x-ray diffraction measurements.

Grazing-incidence diffraction~GID! measurements wer
carried out shortly after the sample fabrication, after exp
sure to air, in az-axis six-circle diffractometer24 using syn-
chrotron radiation from the U125/2 wiggler source at t
synchrotron BESSY II~Berlin, Germany!. A double-crystal
monochromator allowed to chose the x-ray energy of 12 k
~wavelengthl'1.03 Å). The GID measurements were ca
ried out in vertical scattering geometry. Angular (v) scans
were obtained by rotating the sample about the horizo
surface normal. Radial (v-2u) scans were obtained by rota
ing the sample and the detector about the surface normal
detector rotating twice as fast and in the same direction
the sample.

Conventional high-resolution x-ray diffraction~HRXRD!
measurements were carried out in a double/triple-crystal
fractometer combining a 18-kW rotating-anode genera
~Rigaku! and a Bede D3 high-precision goniometer. Tw
grooved dislocation-free high-purity Ge crystals in disp
sive (1,1) setting were used as monochromator,25,26 pro-
ducing an x-ray beam with 5% of the intrinsic width of th
Cu Ka1 line (l51.54 Å). The conventional diffraction mea
surements were carried out in the usual horizontal scatte
geometry. Angular (v) scans were obtained by rocking th
sample about the vertical axis, parallel to the sample surf
and orthogonal to the scattering plane. Radial (v-2u) scans
were obtained by rotating the sample and the detector a
the vertical axis, the detector rotating twice as fast and in
same direction as the sample.
©2003 The American Physical Society06-1
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III. RESULTS

A. Coherent scattering

Conventional HRXRD was used to analyze the ph
separation occurring upon annealing. Figure 1 showsv-2u
scans across the~004! symmetric reflection in the
~Ga, Mn!As/LT-GaAs/GaAs~001! sample:~a! before and~b!
after annealing. Before annealing, in addition to the Ga
substrate peak, two intense peaks are revealed correspo
to coherent diffraction in the LT-GaAs buried layer and in t
~Ga, Mn!As top layer. From the HRXRD data, the Mn co
tent in the ~Ga, Mn!As layer is estimated to be 8.5% a
most.27 Upon annealing, the Mn atoms leave the zinc blen
lattice to form clusters embedded in GaAs. The strain stat
the ~Ga, Mn!As layer changes from highly compressive@Fig.
1~a!# in the as-grown material, to slightly tensile@Fig. 1~b!#
in the matrix of the granular material. The GaAs:MnAs m
trix is determined to be compressed in the@001# direction by
(Da/a) [001]520.20%.

Transmission electron microscopy17 and selected-are
electron diffraction28 analysis of phase-separate
~Ga, Mn!As material have shown that the granular layer m
contain hexagonal MnAs clusters with a well-defined orie
tation with respect to the zinc blende GaAs matrix: t
(0001) basal planes of the MnAs crystallites are paralle

$111% GaAs planes, and thê2̄110& MnAs directions are
parallel to^110& or ^11̄0& GaAs directions. There are fou
possible orientations for the MnAs crystallites, such that
(0001) MnAs planes are parallel to any of the four$111%
GaAs planes. In the sample investigated here, we did
succeed to detect the weak diffraction signal from Mn

FIG. 1. High-resolutionv-2u XRD scans across the (004) sym
metric Bragg reflections in a~Ga, Mn!As/LT-GaAs/GaAs~001!
sample, recorded~a! before and~b! after annealing.
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crystallites, using conventional x-ray diffraction, because
the relatively strong contribution of thermal diffuse scatte
ing in this type of measurements. In order to improve t
dynamic range, we carried out GID measurements, us
synchrotron radiation. By using grazing incidence of t
beam, the penetration of the x rays into the bulk crysta
limited. An optimum signal-to-noise ratio is obtained whe
the angle of incidence is equal to the critical angle for to
external reflection.29 Then the measurement is highly surfa
sensitive, and the contribution of thermal diffuse scatter
from the bulk is dramatically reduced, which allows we
signals to show up.

We have succeeded to detect coherent diffraction fr
MnAs crystallites embedded in GaAs in a grazing-inciden
grazing-exit geometry, using synchrotron radiation. Figur
shows av-2u scan across the (220) reflection in the Ga
matrix of the granular layer. The incidence and exit ang
were both set to 0.3°, which is close to the critical angle
total external reflection in GaAs. Three peaks are apparen
Fig. 2. The most intense peak corresponds to the (220)
flection in the matrix of the granular layer. Two weaker pea
are visible on either side of the main peak. They corresp
to coherent diffraction in differently oriented MnAs crysta
lites. The weak peak at a larger angle corresponds to

$2̄110% reflections in MnAs crystallites whose (0001) bas
planes are parallel either to (11̄1) or to (11̄1) GaAs planes
~see the right inset in Fig. 2!. In these crystallites, the$2̄110%
MnAs planes are exactly parallel to the (110) planes of
GaAs matrix. The weak peak at a smaller angle correspo
to the $01̄12% reflections~not equivalent to the$2̄110% re-
flections! in MnAs crystallites whose (0001) basal planes a
parallel either to (111) or to (11̄̄1) GaAs planes~see the left
inset in Fig. 2!. In these crystallites, the$01̄12% MnAs planes
are tilted by about 6° towards GaAs (111)̄, with respect to
the (110) planes of the GaAs matrix. Although the MnA

$01̄12% reflection is not aligned with the GaAs (220) refle
tion, it is detected due to the elongated shape of the diffr
tion maxima in grazing-incidence measurements.29 The de-
tection of coherent diffraction from the MnAs crystallites
the GID measurements indicates that the oxidation of
sample surface was not severe, and the near surface re
kept good structural quality.

From the position of the (21̄10) MnAs peak in Fig. 2, the
interplanar distance in the MnAs crystallites along t

@ 2̄110# direction was determined to bea[2̄110]
cluster

51.853 Å.
This is close to, but smaller than, the corresponding interp
nar distance in bulk hexagonal MnAsa[2̄110]

bulk
51.862 Å~Ref.

30!. Thus, the lattice of the MnAs crystallites is found to b
compressed along the@ 2̄110# direction by (Da/a) [2̄110]
520.49%.

We interpret the large width of the (21̄10) MnAs peak in
Fig. 2 as a result of the small size of the crystallites. T
Scherrer equation31,32

L5
0.94l

D cosuB
~1!
6-2
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FIG. 2. v-2u scans~grazing-incidence measurements! across the (220) reflection in the matrix of the GaAs:MnAs granular layer. T
independent measurements on the same sample are displayed~circles and squares!. The solid line is a guide to the eye. The weak pea

correspond to the (21̄10) and (01̄12) reflections in differently oriented MnAs crystallites, as illustrated in the respective insets that in
the corresponding diffracting planes.
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relates the crystallite sizeL to the peak broadeningD in
v-2u scans. Here,l is the x-ray wavelength,uB is the Bragg
angle, andD is the full width at half maximum of the dif-
fraction peak~in radians!. Equation~1! gives the size of the
crystallites in the direction perpendicular to the diffracti
planes. Hence, the average size of the MnAs precipitate

the @ 2̄110# direction is estimated to beL '18 nm.

B. Diffuse scattering

The analysis of diffuse scattering near Bragg reflection
a powerful method to study defect clusters that induce lat
distortions in crystalline materials.33–63 This technique has
been used very successfully in studying point defects, di
cation loops, and precipitates in metals45–47 and
semiconductors,48–63including GaAs.59–63We have recorded
a map of the reciprocal space near the~004! reflection~Fig.
3! to study the symmetry of the diffuse scattering in t
GaAs:MnAs layer. Our experimental setup for conventio
HRXRD offered the possibility to use an analyzer crystal
record reciprocal space maps. However, in order to impr
23520
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e
FIG. 3. Reciprocal space map near the (004) reflections in

annealed~granular! sample.
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M. MORENO et al. PHYSICAL REVIEW B 67, 235206 ~2003!
the experimental sensitivity and to keep the intensity of
diffuse scattering sufficiently high, we have used two align
narrow slits~instead of the analyzer crystal! in front of the
detector, and the x-ray beam was not collimated in the v
tical direction orthogonal to the diffraction plane. Th
reciprocal-space map shows two intense peaks correspon
to coherent diffraction in the GaAs substrate and in
GaAs:MnAs matrix as well as broad diffuse scattering. T
latter is centered on the coherent diffraction peak from
GaAs:MnAs matrix, and extends asymmetrically in t
@001# direction (v-2u direction! towards negative values
The intensity contours of Fig. 3 are deformed diagona
especially around the coherent diffraction peak from
GaAs substrate. The diagonal streaks are an experime
artifact induced by the finite size of the detector slit apertu

Diffuse scattering measurements in conventional HRX
can be performed in a quite limited range of wave vecto
Therefore, we carried out measurements under graz
incidence conditions using synchrotron radiation.54,56 We
measured the diffuse scattering intensity in the GaAs:Mn
granular layer in the vicinity of different reciprocal lattic
points. Figure 4 showsv-2u and v scans across the~220!
reflection recorded in a grazing-incidence/grazing-exit geo
etry, the incidence and exit angles being equal to 0.3°,
an v scan across the~111! reflection recorded in a grazing
incidence/nongrazing-exit geometry, the incidence angle
ing 0.3° and the exit angle 10.2°. Narrow slits limited~in
two orthogonal directions! the size of the scattered bea
entering the detector. Pronounced diffuse scattering is
vealed. Inv scans@Figs. 4~b! and 4~c!#, the diffuse scattering
extends symmetrically. In thev-2u scan across the~220!
reflection@Fig. 4~a!#, the diffuse scattering intensity distribu
tion is asymmetric, with a higher intensity at the small-an
side of the coherent diffraction peak.

The distribution of the diffuse scattering along radial d
rections of the reciprocal space is sensitive to the sign of
deformation.36,62 The scattering from vacancy-type defe
clusters comprises local Bragg scattering from expanded
gions immediately surrounding the clusters, and theref
occurs at wave vectors smaller than the reciprocal lat
vector. Conversely, the scattering from interstitial-type def
clusters occurs mainly at larger wave vectors.34 The asym-
metric contribution to the diffuse scattering leads then t
higher intensity at smaller angles for vacancy-type defe
and a higher intensity at larger angles for interstitial-ty
defects.34,45 The observed asymmetry of the diffuse scatt
ing in our GaAs:MnAs granular layer along radial directio
of the reciprocal space@Figs. 3 and 4~a!# indicates that the
defect clusters are of vacancy type.

Figure 5 shows a log-log plot of the symmetric part of t
diffuse scattering intensity64 measured around the~220! and
~111! reflections in the granular layer. The three curves
Fig. 4 coincide when they are plotted as a function ofq
5uqu, whereq5Q2G is defined as the deviation of the sca
tering vectorQ from the reciprocal lattice vectorG. The
peak showing up atq'0.25 Å21, in the curve correspond
ing to thev-2u scan across the GaAs~220! reflection~Fig.
5!, is due to coherent diffraction in the MnAs crystallites,
discussed above. Three regions are distinguished in the
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tered intensity shown in Fig. 5. Their origin can be identifi
considering the theory of diffuse scattering from cryst
with defects.33–42 At relatively small wave vectors, the dif
fuse scattering is due to the far field of elastic distortio
around defects. In this region, called Huang diffuse scat
ing, the symmetric part of the intensity distribution follow
an universal lawI H;q22. The diffuse scattering at large
wave vectors originates in the vicinity of the defects whe
the distortions are strong.35 In this region, called asymptotic
or Stokes-Wilson scattering, the intensity distribution follow
another universal lawI SW;q24. The intensity of the Stokes
Wilson scattering quickly decreases when the wave vectoq

FIG. 4. Grazing-incidence measurements.~a! v-2u and ~b! v
scans across the (220) reflection in the matrix of the GaAs:Mn
granular layer for incidence and exit angles equal to the crit
angle (0.3°).~c! v scan across the (111) reflection for an inciden
angle of 0.3° and an exit angle of 10.2°. The solid symbols co
spond to the raw data, and the solid lines to the symmetric par
the curves.
6-4
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increases. At sufficiently largeq, the scattering from defect
becomes weaker than the thermal diffuse scattering, wh
follows the lawI T;q22 ~Ref. 65!. Thermal diffuse scatter
ing is also present~and described by the same law! at smaller
wave vectors, but it cannot be distinguished because of
dominating diffuse scattering from the defect clusters.

An average defect cluster size can be estimated from
value q0 where theq22 dependence of the Huang diffus
scattering changes to theq24 dependence of the Stoke
Wilson scattering~Fig. 5!. This effect has been used49–53 for
experimental estimations of defect cluster sizes. For sph
cal loose clusters of point defects in an elastically isotro
crystal, for which radial displacement fields simply superi
pose on each other,33,34 one has

q0'
1

R0
, ~2!

whereR0 is the effective mean radius of the defect cluste
Hence, from the valueq0'0.0374 Å21 obtained from Fig.
5, the mean diameter of the defect clusters responsible
the diffuse scattering in our GaAs:MnAs layer is estimated
be d52R0'5 nm.

The intensity of the Huang diffuse scattering is prop
tional to the number of defect clusters and, when prope
normalized, can be used to determine the cluster density.
intensity of the thermal diffuse scattering provides an int
nal reference, which can be used to scale the Hu

FIG. 5. Log-log plot of the symmetric part of the diffuse sca
tering close to the (220) and (111) reflections in the GaAs:Mn
matrix. Solid circles correspond to thev-2u scan across the (220
reflection of Fig. 4~a!, open circles correspond to thev scan across
the (220) reflection of Fig. 4~b!, and open squares correspond to t
v scan across the (111) reflection of Fig. 4~c!. The solid lines
indicate the exact22, 24, and22 slopes, which fit the experi
mental data in the ranges of wave vectors corresponding to
dominant Huang, Stokes-Wilson, and thermal diffuse scattering
spectively. The transition from the Huang to the Stokes-Wils
scattering takes place at the wave vectorq0'0.0374 Å21.
23520
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intensity.60 In the Huang region, the symmetric part of th
scattered intensity can be expressed as36,42

I H~q!5Ndu f u2
~DV!2

v2

Q2

q2
P~m,n!, ~3!

whereNd is the total number of defect clusters in the illum
nated sample volume,f is the structure factor,DV is the
change in the volume of the crystal produced by a sin
defect cluster,v is the unit cell volume, andP(m,n) is a
dimensionless factor of order 1, which depends on the u
vectorsm5Q/Q andn5q/q and on the elastic constants o
the matrix. The Huang intensity in Eq.~3! is expressed in
electron units~i.e., with respect to the Thompson scatteri
from a free electron!. The thermal diffuse scattering intensit
can be expressed, in the same units, as65

I T~q!5u f u2
VkBT/E

v2

Q2

q2
K̃~m,n!, ~4!

wherekB is the Boltzmann constant,T is the temperature o
the sample,V is the irradiated volume,E is the Young modu-
lus, andK̃(m,n) is another dimensionless factor of order
We have introduced the factorK̃5EK, instead of the com-
monly used factorK(m,n) ~Ref. 65!, in order to express the
thermal diffuse scattering intensity in analogous form as
Huang scattering intensity. Dividing Eq.~3! by Eq. ~4! we
obtain

I H~qH!uqHu2

I T~qT!uqTu2
5nd

~DV!2

kBT/E
a~m,n!, ~5!

wherend5Nd /V is the defect cluster density,qH is the wave
vector in any point of the Huang scattering region, a
I H(qH) is the measured intensity in that point, whileqT and
I T(qT) are analogous values in the thermal diffuse scatter
region. The dimensionless factora5P/K̃ is of order 1. For
example, for an@hh0# reflection in a cubic crystal and sca
tering direction along@110#, we obtain

a5
2~c1112c12!

2

9E~c111c1212c44!
, ~6!

using the expressions forP and K derived in Refs. 36 and
65. Here,c11, c12, and c44 are the elastic constants of th
matrix. We note that the ratiokBT/E is a volume that is smal
compared to the atomic volume. For GaAs at room tempe
ture, E58.5331011 erg/cm3 ~Ref. 66!, so thatkBT/E54.8
31025 nm3. Considering the elastic constants of GaAs66

we obtaina'0.46.

s

he
e-
n

6-5



ch

e
r

o
o

he

he

th
1
e

pr
la
o
e
ze
te

er

er

p-

th
er

la
c

te
en
th
in
er
or
p
d
th

cat-
he
the
re
ure

the
er-
led
of

nm,
rent
e-
tron
and

h-
the
ain

the
ro-
nd
rch

of

to
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The volume changeDV ~the misfit volume! can be ob-
tained from the wave vectorq0 by using the relation42

q0'~GC!21/2. ~7!

Here C is the elastic strength of the defect cluster, whi
determines the displacement field around it:u(r )5C/r 2,
wherer is the distance to the cluster. The crystal is assum
to be elastically isotropic, so that the displacements are
dial. The strengthC is related to the misfit volumeDV as
follows:

C5
1

12p

11s

12s
DV, ~8!

wheres is the Poisson ratio. Taking into account the value
q0 obtained above, the change in crystal volume due t
single defect cluster in the granular layer isDV;4 nm3.
Using this DV value and the measured intensities of t
Huang and thermal diffuse scattering~Fig. 5!, we obtain
from Eq.~5! the density of defect clusters responsible for t
diffuse scatteringnd51.831016 cm23. This corresponds to a
mean distance between clusters (nd)

21/3;40 nm.

IV. DISCUSSION

Two different average cluster sizes are derived from
analysis of the diffuse and coherent scattering, 5 nm and
nm, respectively. Although both sizes refer to average valu
they are experimentally well defined, and seem to be re
sentative of two types of clusters present in the granu
layer. The larger size clearly relates to clusters having
dered MnAs structure, since the measured Bragg angl
close to that of bulk hexagonal MnAs. The smaller si
probed by the diffuse scattering, relates to defect clus
producing a large distortion in the matrix lattice.

Transmission electron microscopy~TEM! analysis have
confirmed the presence of two types of clusters, with diff
ent characteristic sizes, in the sample investigated here~Fig.
6!. Our previous TEM studies17 of phase-separated~Ga,
Mn!As material revealed that three different types of clust
can be formed:~1! large spherical clusters withhexagonal
MnAs structure,~2! small Mn-rich tetrahedral clusters kee
ing zinc blendestructure, and~3! small disordered Mn-
containing clusters inducing a considerable distortion of
lattice. The TEM analysis of the sample investigated h
show that there is a high density of smalldisorderedclusters
and a much lower number of largehexagonalMnAs clusters
~Fig. 6!. Apart from these two types of clusters, the granu
layer exhibits high structural quality, and no extended defe
have been detected.

The interface between the hexagonal MnAs crystalli
and the host matrix is thought to be relaxed to a high ext
so that these clusters induce only a small distortion of
host matrix. The diffuse scattering in the granular layer
vestigated here is thought to be produced by the disord
Mn-containing clusters, due to the large local lattice dist
tion that this type of clusters produce. Thus, in the sam
investigated here, diffuse and coherent scattering probe
ferent cluster types. The diffuse scattering is sensitive to
23520
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small disordered Mn-containing clusters, and coherent s
tering probes the larger hexagonal MnAs crystallites. T
vacancy-type nature of the small disordered clusters and
higher packing of the hexagonal MnAs crystallite structu
compared to the packing of the zinc blende GaAs struct
explain the tensile strain developed in the host matrix@Fig.
1~b!#.

V. CONCLUSIONS

After thermal annealing of ternary~Ga, Mn!As, two dif-
ferent types of Mn-containing clusters embedded in
GaAs matrix have been detected by x-ray diffuse and coh
ent scattering. The analysis of the diffuse scattering revea
the existence of small clusters producing a large distortion
the host lattice. Their average size was estimated to be 5
and they were found to be of vacancy-type nature. Cohe
diffraction from larger hexagonal MnAs clusters was d
tected in grazing-incidence measurements, using synchro
radiation. Their average size was estimated to be 18 nm,
their lattice was found to be compressed along the@ 2̄110#
direction, compared to bulk MnAs. Conventional hig
resolution x-ray diffraction measurements revealed that
zinc blende matrix of the granular layer is under tensile str
along directions parallel to the sample surface.
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FIG. 6. Cross-sectional bright-field TEM image of two pieces
the annealed~Ga, Mn!As/LT-GaAs/GaAs~001! sample mounted
face to face. The bright diagonal line on the micrograph is due
the glue used to prepare the TEM specimen.
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