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Periodic array of misfit dislocations at the MnAs/ GaAs interface
studied by synchrotron x-ray diffraction
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We study the evolution of strain, morphology and interfacial structure during the growth at 250 °C and
subsequent annealing of MnAs films on GaAs in situ using grazing incidence x-ray diffraction. The MnAs film
grows via the formation of relaxed islands which increase in size and finally coalesce to form a continuous
film. Early on, an ordered array of misfit dislocations forms at the interface with a spacing of 4.95± 0.05 nm,
releasing the misfit strain. The Burgers vector of the dislocations lies in the interface plane, and the inhomogeneous strain due to the dislocations is confined to a 1.6 nm thick region near the interface. Annealing
enhances the order of the dislocation array and reduces the mosaicity of the MnAs layer. On
MnAs/ GaAs共113兲A, the same mismatch is released by the dislocations with the two times smaller Burgers
vectors and the two times smaller spacing, as compared with the MnAs/ GaAs共001兲.
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I. INTRODUCTION

The epitaxy of dissimilar materials 共extreme heteroepitaxy兲 is not only interesting for technological applications,
but also for basic research. In the design of such heterostructures, the strain and its relaxation at the interface during heteroepitaxy is crucial, since it affects the structural and electronic properties of the overlayer. A strain amounting to
several percent, which is commonly found in heterostructures of dissimilar materials, can endanger the structural stability of the layer and hence the desired performance of the
device based on this heterostructure. In particular, the fabrication of spintronics devices1,2 require the integration of a
ferromagnetic metal and a semiconductor with an atomically
abrupt interface, since the strain field at the interface may
scatter and relax the spin of the electron.3 We therefore need
to understand the atomistic processes responsible for the
generation of defects during the initial stages of growth as
well as the strain relaxation and its distribution, both in the
interface plane and normal to it at the interface to optimize
the spin injection efficiency at such interfaces.
In the present paper we study, by means of in situ grazing
incidence x-ray diffraction 共GID兲, the process of formation,
the structure of the interface, the effect of annealing on the
heterointerface and the crystal quality of MnAs epitaxial
films on GaAs共001兲 and GaAs共113兲A substrates. In the case
of MnAs film growth on GaAs, we observe the formation of
relaxed three-dimensional 共3D兲 islands at a nominal thickness of 4.2 ML 共1 ML corresponds to 3.2 Å兲. Generally, the
islands may form on the wetting layer in the StranskiKrastanow growth mode to release the strain or in the
Volmer-Weber growth mode, the nonwetting case.4,5 We cannot make any conclusion about the formation of the wetting
layer. However, it is worth to point out that the strain in large
Volmer-Weber or Stranski-Krastanow islands is ultimately
released by misfit dislocations.
Misfit dislocations in most semiconductor heterostructures are irregularly distributed at the heterointerface, because the dislocation glide planes are usually inclined to the
1098-0121/2005/72共15兲/155303共9兲/$23.00

heterointerface and dislocations are generated by extrinsic
nucleation.6 The dislocations are rather immobile in the interface plane and their lateral distribution is mostly determined by the random distribution of the nucleation sources.
In contrast to this usually observed behavior, ordered array
of misfit dislocations has been found by transmission electron microscopy 共TEM兲7 and by GID at the
MnAs/ GaAs共001兲 interface.8 Periodic dislocation arrays can
be formed if the dislocation glide plane is parallel to the
interface, resulting in a high dislocation mobility along the
interface, and assuming a homogeneous nucleation
mechanism.9 Repulsive dislocation interaction gives rise to
equal spacings between the dislocations. Periodic arrangements of misfit dislocations are found in several other systems 关Ag/ MgO 共Ref. 10兲, Fe/ W 共Ref. 11兲, PbTe/ PbSe 共Ref.
9兲, GaSb/ GaAs 共Refs. 12 and 13兲, AlN/ Si共111兲 共Ref. 14兲兴
with high lattice mismatch. As discussed below, these conditions are met for the MnAs/ GaAs heterostructures and a
highly periodic array of misfit dislocations is formed at the
interface. We also observe the periodic dislocations at the
MnAs/ GaAs共113兲A interface with different periodicity.
Molecular beam epitaxy 共MBE兲 growth of high-quality
MnAs layers has been reported on different orientations of
GaAs 关共001兲, 共111兲, 共113兲兴 共Refs. 15–20兲 and on Si共001兲.21
Bulk MnAs crystallizes in the hexagonal NiAs-type structure
with the lattice parameters22 a = 3.72 Å and c = 5.71 Å at
room temperature. The lattice parameter misfit, f, between
MnAs and GaAs along the MnAs关112̄0兴 direction 共a axis兲 is
f = 共a f − as兲 / a f = 关dMnAs共112¯ 0兲 − dGaAs共220兲兴 / dMnAs共112¯ 0兲 ⯝ −7.5%,
where a f and as are the epilayer and substrate lattice parameters, respectively. Along the 关0001兴 共c axis兲 direction, the
mismatch is very large ⬃29%. This large mismatch is accommodated by the formation of a coincidence site lattice.7
MnAs assumes the NiAs-type ␥-MnAs structure above
125 °C, the orthorhombic MnP-type ␤-MnAs structure between 125 °C and 45 °C, and the ferromagnetic NiAs-type
␣-MnAs structure below 45 °C.23 It is therefore difficult to
deduce the strain state of the film during epitaxy by ex situ
measurements at room temperature. Only in situ experiments
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can provide access to the strain state of the system at the
growth temperature during deposition. Grazing incidence
x-ray diffraction24 is well suited for this purpose, since it can
be used in situ in ultrahigh vacuum, without perturbing the
MBE growth. GID also allows the characterization of a dislocation network unambiguously.
In this paper, we first describe the experiment, followed
by the results from in situ growth of MnAs on GaAs共001兲.
The misfit accommodation at the interface is then discussed
for both MnAs/ GaAs共001兲 and MnAs/ GaAs共113兲A heterostructures. We determine the Burgers vector from the number
of satellite peaks present between the layer and substrate
reflections. The intensity distributions along the crystal truncation rods 共CTRs兲 of the satellites originating from dislocations are determined. From the intensity decay, we obtain the
thickness of the layer having an inhomogeneous strain distribution due to the presence of dislocations at the interface.
Finally, we investigate the effect of post-growth annealing on
the quality of the crystalline film and the interface between
MnAs and GaAs共113兲A.

II. EXPERIMENT

The x-ray scattering experiments were performed in situ,
during and after growth at the PHARAO beamline 共U125/2KMC兲 at the synchrotron BESSY in Berlin, Germany, using
a six-circle diffractometer operating in the z-axis mode. At
this beamline, a multi-solid-source MBE chamber is permanently installed within the diffractometer.25 In the exit beam
path, the MnAs growth chamber has a 100° 共azimuthal兲
⫻ 45° 共polar兲 beryllium window, allowing access to a significant fraction of reciprocal space. The angular resolution of
the detector is defined by two sets of 2 ⫻ 2 mm2 slits at distances of 200 mm and 1100 mm from the sample. A monochromatic x-ray beam of either 12 or 10 keV energy is used.
The grazing incidence angle ␣i is kept close to the angle of
total external reflection to suppress thermal diffuse scattering
from the substrate.
In-plane scans were performed in a grazing incidence—
grazing exit geometry. The scan geometry along the
MnAs关112̄0兴 direction is shown schematically in Fig. 1. The
reference frame is chosen such that the in-plane h and k axes
are along GaAs关100兴 and GaAs关010兴, respectively. In this
sketch, the arrow indicates the scan direction. The large
circles represent the integer-order GaAs reflections. The
squares represent the reflections of the relaxed MnAs film.
The solid circles correspond to the satellite reflections due to
the dislocation array observed in the measurements and discussed below in detail. All reflections are extended in the
surface normal direction due to the finite film thickness.26
For this study we have grown MnAs films on the
GaAs共001兲 and 共113兲A surfaces by solid source MBE chamber described above. Prior to the deposition of MnAs on
GaAs共001兲, a thick buffer layer was grown which showed a
clear GaAs ␤共2 ⫻ 4兲 reconstruction at the growth temperature of 550 °C. Then, the substrate was cooled to 250 °C,
resulting in a GaAs c共4 ⫻ 4兲-reconstructed surface27 that was
used as the growth template for MnAs.17 The MnAs layer

FIG. 1. Schematic representation of the 共hk0兲 reciprocal space
plane of MnAs/ GaAs共001兲 with an array of misfit dislocations at
the interface. The large open circles and the squares correspond to
the GaAs and MnAs Bragg peaks, respectively. The filled circles
represent the position of observed satellite reflections from the dislocation array along GaAs关110兴. Two orders of scans with all observed reflections are included.

was grown in an As-rich environment at a substrate temperature of 250 °C with a growth rate of 6 nm/ h. The time required for one in-plane scan with good signal to noise ratio is
about 6 to 7 minutes. Therefore, between two consecutive
scans the increase in thickness is about 6–7 Å共 2 ML兲. The
sample was annealed at 400 °C after growth in order to improve the structural quality. The thickness of the MnAs film
was about 51 nm obtained from ex situ x-ray reflectivity
measurement. We estimate a 4% error in thickness measurement.
On GaAs共113兲A, the growth of MnAs was started on the
共8 ⫻ 1兲-reconstructed28 surface at 240 °C. The sample was
annealed after deposition in order to optimize the structural
quality of the film. The final thickness of the film was about
75 nm obtained from ex situ x-ray reflectivity measurements.

III. RESULTS AND DISCUSSION
A. In situ measurements during growth:
Structure and morphology

GID measurements and reflection high-energy electron
diffraction 共RHEED兲 indicate that MnAs grows in a
hexagon-on-cube orientation with the epitaxial relationship
MnAs关112̄0兴 储 GaAs关110兴 and MnAs关11̄00兴 储 GaAs关001兴. The
evolution of strain, island size and microstructure during
growth was analyzed in our previous publications.8,29 We
briefly summarize the important findings that are relevant for
the results shown here and present the evolution of in-plane
mosaicity of the film. The growth of MnAs on GaAs共001兲 is
monitored in situ, starting from 1.8 ML up to a thickness of
159 ML by recording radial 共 − 2兲 profiles during growth
at various film thicknesses 共Fig. 2兲.
The MnAs共112̄0兲 peak is first detected at a nominal layer
thickness of 4.2 ML. The peak appears very close to the bulk
MnAs position, indicating that MnAs is almost relaxed as
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FIG. 2. X-ray diffraction curves 共 / 2⌰ scans兲 measured in situ
during growth at 250 °C along the GaAs关110兴 direction. The scan
includes the GaAs共220兲 substrate and the MnAs共112̄0兲 layer reflections. The scans are recorded at a grazing incidence angle of 0.2°.
The deposited number of monolayers is indicated to the right of
each scan. The curves are shifted vertically for clarity. X-ray energy, 12 keV.

soon as the MnAs structure is formed. Only 0.1% relaxation
of the in-plane lattice spacing a is observed upon further
growth until 159 ML. It reaches the value of 3.695 Å at a
thickness of 20 ML, after which it remains constant until the
final thickness of 159 ML. The layer is almost completely
relaxed at the growth temperature. MnAs grows on GaAs
with the formation of relaxed three-dimensional islands that
subsequently coalesce. We do not see any broadening of the
substrate reflection at the beginning of growth 共Fig. 2兲. The
absence of the MnAs共112̄0兲 peak for films less than 4 ML
thickness does not necessarily mean that MnAs is growing
pseudomorphically on GaAs. Therefore, it is difficult to
make conclusions about the presence or absence of a wetting
layer. The final lateral island size is estimated to be 27 nm
along the MnAs关112̄0兴 direction by using Scherrer’s
formula.30 The islands grow fast until a nominal thickness of
20 ML and slowly afterwards. We therefore conclude that the
film becomes connected and continuous at a thickness of
about 20 ML. During the deposition, the integrated intensity
of the MnAs共112̄0兲 peak increases linearly with film thickness as shown in Fig. 3共a兲. This is consistent with kinematical x-ray theory, in which the scattered intensity is proportional to the number of scatterers. This allows us to establish
a linear relationship between growth time and film thickness.
A satellite reflection in between the substrate peak and the
layer peak 共denoted by “S” in Fig. 2兲 already appears at a
nominal layer thickness of about 6 ML. As discussed in the
next section, this peak indicates a regular array of misfit
dislocations at the interface. Therefore, we conclude that the
misfit dislocations form directly at the interface and rear-

FIG. 3. 共a兲 Evolution of the integrated intensity of the
MnAs共112̄0兲 peak as a function of layer thickness. The solid line is
a linear fit to the measured data. 共b兲 The -scan width of
MnAs共112̄0兲 as a function of layer thickness. The error bars indicate the accuracy of each data point. The solid line shows an exponential decay fit to the measured data. The inset shows a single
transverse scan with the corresponding Gaussian fit. The resolutionlimited substrate GaAs共220兲 peak is also shown in the inset. For
clear comparison of widths the GaAs peak is shifted to the center of
the MnAs共112̄0兲 peak.

range to form the periodic structure during growth of the
islands before coalescence. To study the evolution of the inplane mosaic spread of the film after coalescence as a function of layer thickness, in-plane transverse scans are measured in situ during growth. Two crystallographic parameters
of the MnAs islands, their range of twist and tilt with respect
to the surface normal, are used to describe the mosaicity of
the film. While the latter is routinely obtained from the
widths of x-ray rocking curves of symmetric Bragg reflections, the former is difficult to measure in a conventional
laboratory diffraction geometry. An in-plane transverse
scan44 in grazing incidence geometry directly determines the
in-plane mosaic spread of the film. One such transverse scan
is shown as an inset in Fig. 3. The resolution-limited substrate peak GaAs共220兲 is shown for comparison. The substrate peak is almost 65 times narrower than the layer peak,
demonstrating the high resolution of our experiment. The
total width of the rocking curves is affected by the finite size
of crystallites and by the in-plane mosaic spread of the film.
To separate the two contributions,31 we use a WilliamsonHall plot.32 We measure two successive order 共112̄0兲 and
共224̄0兲 peaks of MnAs film. The measured profiles are well
fitted with the Gaussian function. The apparatus function is
measured separately and approximated to be a Gaussian
function of width 0.05°. It is subtracted from the measured
width of the MnAs film peaks. From the Williamson-Hall
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plot we find that the size contribution to the width of the
peak is negligible. The width of the transverse scans is almost entirely due to in-plane mosaic spread. The in-plane
mosaic spread decreases down to 8 mrad with increasing
layer thickness and can be fitted well by an exponential decay model.
B. Investigation of the MnAs/ GaAs„001… interface
1. Observation of the dislocation array

To study the MnAs/ GaAs共001兲 interface, we vary the
penetration depth of the x rays by changing the incidence
angle ␣i of the primary beam.33,34 For the 10 keV x rays
used, the critical angle for total external reflection ␣c of
MnAs is 0.27°. We vary the grazing incidence angle through
a range from below ␣c to about 2.5␣c. The structural configuration of the interface is probed by measuring in an inplane geometry with a small perpendicular momentum transfer, L = 0.05 reciprocal lattice units 共r.l.u.兲. Here, L is the
共continuous兲 Miller index of the Bragg reflection 关hkL兴.
These measurements were performed at room temperature,
after a high-temperature anneal of the sample at 400 °C. The
MnAs film has undergone the structural phase transition at
45 °C while cooling to room temperature with a cooling rate
of 2 ° C min−1.
The GID profiles measured at the first-order reflection
共see schematics in Fig. 1兲 along the MnAs关112̄0兴 direction
are shown in Fig. 4共a兲. The grazing incidence angles are
given to the right of each profile. Clearly visible are the
GaAs共220兲 reflection and a split MnAs共112̄0兲 peak. The
MnAs共112̄0兲 peak is split due to the strain-mediated coexistence of the ␣- and ␤-MnAs phases at room temperature.35,36
The satellite reflections, Si, are first observed at a grazing
incidence angle 0.3°, which is larger than ␣c. The intensities
of the satellite reflections increase with increasing ␣i, which
implies increasing penetration depth of the x rays. Higherorder satellites 共S−3 , S+4兲 are detected at ␣i ⬎ 0.4°. We conclude that they are not originating from the surface or the
near-surface region of the film but rather from the buried
interface between MnAs and GaAs. The satellite S0 is located exactly halfway between the substrate and the layer
共middle of ␣- and ␤-MnAs兲 reflection. All the observed satellite reflections are equally spaced.
MnAs is thermodynamically stable on GaAs and the possible formation of another layer at the interface with a different lattice constant can be ruled out.15,37 Therefore, we
attribute the equally spaced satellite reflections to the regularly spaced misfit dislocations formed at the interface. These
results agree well with TEM studies on the same material
system.7,38 The diffraction measurement averages over a
much larger real-space distance than TEM and is representative of large areas of the sample. The appearance of the satellites in the radial scans along MnAs关112̄0兴 proves that the
misfit dislocations are periodic in that direction. We did not
find similar satellite reflections in measurements along the
MnAs关0001兴 direction 共not shown here兲.
The width of the satellite reflection S0 in the  − 2 scan
measured at ␣i = 0.65° in Fig. 4共a兲 is almost half the width of

FIG. 4. Radial 共 / 2⌰兲 scans recorded along the MnAs关112̄0兴 of
the MnAs/ GaAs共001兲 heterostructure for different grazing incidence angles ␣i. 共a兲 First- and 共b兲 Second-order reflection. The Si
indicate the satellites originating from the periodic array of misfit
dislocations. The scans are performed at room temperature. Peaks
labelled as ␣ and ␤ refer to the different phases of MnAs. The
curves are shifted vertically for clarity. X-ray energy, 10 keV.

either the ␣-MnAs or the ␤-MnAs peak. Therefore, the width
of the satellite reflections from the dislocation array is not
limited by nonuniform strain of the layer, but dominated by
the much higher order of the GaAs substrate. The factor of 2
difference in the width of the satellite reflection and the layer
reflection is also measured in the transverse scans. This demonstrates that the dislocation array is generally better ordered
than the film itself.
2. Period and Burgers vector of the dislocation array

From the period of the satellites in Fig. 4共a兲, we find the
lateral period of the dislocation array, ⌳ = 4.95± 0.05 nm, to
be comparable to the TEM result, ⌳ = 4.5± 0.5 nm.7 One dislocation every 4.95 nm is sufficient to release the misfit f
= 7.5% between the layer and the substrate. The in-plane
component of the Burgers vector is b = ⌳f = 3.71 Å. It is
equal to the a spacing of MnAs, and is given by b
= 31 关112̄0兴. This is the shortest possible perfect-dislocation
Burgers vector in hexagonal close-packed structures. The
line direction of the dislocations is along MnAs关0001兴, so
that the dislocation slip direction is 关112̄0兴,39 which means
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that it lies in the plane of the interface. In terms of the GaAs
lattice, the Burgers vector is equal to GaAs关110兴.
The number of satellite reflections between the substrate
and the layer peaks can be directly related to the Burgers
vector. The distance between the substrate and the satellite
peaks is ⌬Q = 共2 / d兲f, where d is the lattice spacing for the
reflection under consideration. The distance between the satellites is ⌬q = 2 / ⌳. Dividing these quantities and keeping in
mind that ⌳ = b / f, we obtain
⌬Q/⌬q = b/d.

共1兲

For the MnAs关112̄0兴 reflection, only one satellite S0 is
present halfway between the peaks 关see Fig. 4共a兲兴. Then,
⌬Q / ⌬q = 1 / 2 and b = 2d共112̄0兲. If the Burgers vector would be
reduced to half, the satellite spacing would double, and the
satellites in the first order reflection would coincide with the
main reflections from layer and substrate. The satellite reflections would be observed outside of the main reflections,
with the spacing equal to the separation of the main reflections. This situation is realized at the MnAs/ GaAs共113兲A
interface and discussed in Sec. III C. The x-ray diffraction
curve along the second-order reflection MnAs共224̄0兲 also reveals equally spaced satellite reflections as shown in Fig.
4共b兲. Now, however, three satellites are present between the
main reflections. Equation 共1兲 gives the same Burgers vector
b = 4d共224̄0兲 = 2d共112̄0兲.
Thus, the MnAs/ GaAs共001兲 interface is appropriate for
the formation of a periodic dislocation array. The dislocation
density is high due to the large misfit 共⬃7.5% in the a direction of MnAs兲. The Burgers vector lies in the interface plane,
with the slip direction parallel to the interface. This facilitates the glide of the dislocations along the interface. Dislocations nucleate directly at the interface during growth and
form a periodic structure even before coalescence 共see Fig.
2兲. At the growth temperature of 250°, the misfit dislocations
are mobile and can glide along the interface to form a regular
structure to minimize its elastic energy.
The split of the MnAs film peaks due to the strainmediated coexistence of the ␣- and ␤-MnAs phases at room
temperature35,36 is observed in both reflection orders, 共112̄0兲
and 共224̄0兲 关see Figs. 4共a兲 and 4共b兲兴. In addition to that, the
second-order substrate GaAs共44̄0兲 peak and the satellite
peaks are split. The ␣-MnAs and ␤-MnAs domains arrange
themselves in a stripe pattern to minimize the elastic
energy.40 The ␣-MnAs and ␤-MnAs differ in their in-plane
lattice constant by 1.2%. Therefore, the substrate lattice is
strained underneath each ␣ and ␤ domain. This modulation
leads to two different lattice parameters, which split the
GaAs共440兲 reflection in Fig. 4共b兲. The splitting is therefore
due to the epilayer exerting strain on the substrate. This
strain decreases rapidly away from the interface. The penetration of the strain field into the substrate is comparable
with the period of the ␣ and ␤ domain stripes, which is about
5 times larger than the film thickness.36,40 Since the dislocation array is also differently strained by the formation of the
domain pattern, the spacing of the dislocations under the ␣
and ␤ domains are slightly different, resulting in a splitting

FIG. 5. 共Color online兲 Intensity variation along the crystal truncation rods of different observed satellites originating at the firstand second-order reflection, shown in Figs. 4共a兲 and 4共b兲. The continuous 共red兲 lines show the calculated CTRs of the different satellites. No fit parameters are used to match the calculated CTRs with
the measured intensity profiles. The profile in 共b兲 is shifted vertically for clarity. X-ray energy, 10 keV.

of the satellite reflections. The split of the satellite reflections
is comparable to the split of the substrate reflection. Hence,
the complete interface structure is modulated by the formation of the ␣-MnAs and ␤-MnAs domains.
3. Truncation rods of the dislocation satellites

To investigate the variation of strain along the surface
normal direction due to the periodic dislocation, we have
measured the intensity profiles along the crystal truncation
rods 共CTRs兲 of several satellite reflections 共hkL兲 as a function of L. The CTR of a satellite reflection arises from the
thin layer at the interface where the strain field due to the
dislocations is distributed inhomogeneously. During these
measurements, the grazing incidence angle is fixed and the
exit angle is varied. The crystal truncation rods of several
satellite reflections in the first order 关see Fig. 4共a兲兴 are shown
in Fig. 5共a兲. The measured intensity profiles along the CTR
of satellites S−2 and S+2 are very similar. The out-of-plane
scattering along each CTR reflects the smoothing of the nonuniform strain when going along the interface normal.
The intensity distribution along a satellite is calculated in
the kinematical approximation,
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FIG. 6. 共Color online兲 Contour plot of the displacement field
due to the periodic dislocations at the interface. Distribution in the
plane normal to the surface and normal to the dislocation lines
according to Eq. 共3兲. The contour lines are almost parallel to each
other for a thickness larger than ⌳ / .

In共q兲 =

冏冕

eiQnux共x,z兲+iqzzdxdz
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Here the coordinate x is along the interface in the direction of
periodicity and z is the coordinate along the interface normal,
ux共x , z兲 is the in-plane component of the displacement field
of the periodic dislocation array, qz = 共2 / as兲L, and Qn
= 共2 / ⌳兲n 共here n is the number of the satellite Sn兲.
The resulting displacement field due to the periodic array
of dislocations is calculated by summing the displacements
due to the individual dislocations. The analytical formulas
for strain fields of various dislocation arrays can be found in
the literature,39 but the displacement fields are not given. We
therefore obtain the displacement field directly by summing
the displacement fields of the individual dislocations. The
result is
ux共x,z兲 =
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In the limit x , z Ⰶ ⌳, this expression reduces to that of individual dislocation. When z Ⰷ ⌳ / , Eq. 共3兲 gives rise to a
uniform strain uxx = 共b / 2⌳兲sign共z兲, while the nonuniform
strain decays exponentially. Thus, the nonuniform strain is
confined to a stripe 兩z兩 ⬍ ⌳ / . The displacement ux共x , z兲 calculated by Eq. 共3兲 is shown in Fig. 6. For 兩z兩 ⬎ ⌳ / , the
contour lines are almost parallel to each other indicating a
constant displacement gradient.
The intensity profiles calculated by Eq. 共2兲 for different
satellite reflections are shown as solid lines in Fig. 5共a兲.
Since we are measuring in the regime of small perpendicular
momentum transfer 共L values below 1.6 r.l.u.兲, the correction
factors to the measured intensity are almost constant in the
range considered.41 We obtain a good agreement between the
measured and calculated intensities for different orders of the

satellites without introducing any fit parameters 共except for
scale and background兲. Figure 5共b兲 presents the intensity
profiles along the CTRs of four satellites 共S0 , S±1 , S−3兲 of the
second-order reflection shown in Fig. 4共b兲. All the profiles
show a similar intensity variation. This demonstrates that
they originate from the same thin interfacial layer. The calculated intensity fits well for the different order satellite reflections.
The thickness of the stripe at the interface with inhomogeneous strain 共兩z兩 ⬍ ⌳ / 兲 is directly proportional to the period of the dislocations. For the period of the dislocation
array, ⌳ = 4.95 nm, we estimate the thickness of the inhomogeneously strained layer of the film to be ⌳ /  = 1.6 nm. A
similar value can be obtained from the full width at halfmaximum 共FWHM兲 of the measured intensity of the satellite
CTRs.
C. Investigation of the MnAs/ GaAs„113…A interface

When growing MnAs on GaAs共113兲A, we obtain,
from the GID and RHEED measurements, the epitaxial
and
MnAs
relationships
MnAs关112̄0兴 储 GaAs共11̄0兲
⬃ 共0001兲 储 GaAs共332̄兲. The misfit along the MnAs关112̄0兴 direction in the interface between MnAs/ GaAs共113兲A and
MnAs/ GaAs共001兲 is the same −7.5% as on GaAs共001兲. We
therefore expect the same strain relaxation mechanism as for
MnAs/ GaAs共001兲, with the formation of a periodic array of
misfit dislocations. In contrast, along MnAs关0001兴 a different
strain relaxation mechanism is realized.19 The ⬃29% misfit
is released by a 4° tilt of the MnAs layer about the 关112̄0兴
axis.
Along MnAs关112̄0兴 we again explore the interfacial configuration by depth-tunable GID. The GID profiles of the
first-order and second-order reflections are shown in Fig. 7.
The incidence angle is specified at the right of each curve.
We observe satellites at both reflections. They appear when
the incidence angle exceeds the critical angle, which confirms that they originate from the interface. A radial scan of
the first-order reflection along the MnAs关112̄0兴 direction
does not show any satellites between the main peaks. However, a weak satellite peak, S−1, is visible at an incidence
angle of 0.6°, Fig. 7共a兲. The distance between the satellite
and the substrate peaks is equal to the separation of the main
peaks. In the second-order measurements 关Fig. 7共b兲兴, we see
only one satellite between the main peaks. This is in contrast
to the MnAs/ GaAs共001兲 case where three satellites are
present. The splitting of substrate, layer, and satellite peaks is
again due to the coexistence of the ␣ and ␤ phases of MnAs
as discussed in the preceding section.
The presence of the satellite reflections confirms that the
misfit in the MnAs/ GaAs共113兲A interface is also released by
a regular array of misfit dislocations. The period of the satellites, which is two times larger as compared to the
MnAs/ GaAs共001兲 case, gives half the spacing between the
periodic misfit dislocations, ⌳ = 2.45± 0.05 nm. The release
of the same misfit by twice the number of the dislocations
implies a Burger vector that is twice as small. This means
that the in-plane component of the Burgers vector at the

155303-6

PERIODIC ARRAY OF MISFIT DISLOCATIONS AT …

PHYSICAL REVIEW B 72, 155303 共2005兲

FIG. 8. Radial 共 − 2⌰兲 scans along the MnAs关112̄0兴 direction
measured in GID geometry during in situ post-growth annealing.
The scans were recorded at a grazing incidence angle of 0.3°. The
temperature is given to the right of each curve. For clarity, the
curves are shifted in the vertical direction. The dotted lines on the
curves are guides to the eye for the peak position at different temperatures. X-ray energy, 12 keV.

FIG. 7. Radial 共 / 2⌰兲 scans recorded along the a axis of the
MnAs/ GaAs共113兲A interface for different grazing incidence angles
␣i. 共a兲 First- and 共b兲 Second-order reflection. The Si indicate the
satellites originating from the periodic array of misfit dislocations.
The scans are recorded at room temperature. Peaks labelled ␣ and ␤
refer to the different phases of MnAs. The profiles are shifted vertically for clarity. X-ray energy, 10 keV.

MnAs/ GaAs共113兲A interface is 61 关112̄0兴, which is in agreement with Eq. 共1兲. Referring to the GaAs lattice, the same
Burgers vector is given by 21 关11̄0兴, which is the smallest
Burgers vector in the zinc-blende crystal structure.39
D. Effect of thermal annealing

We have investigated the effect of post-growth thermal
annealing on the crystal quality of the MnAs layer as well as
on the ordering of the dislocation array at the interface. The
annealing was carried out in situ at 400 °C for 10 minutes
with heating and cooling rates of 15 ° C min−1. The annealing was done without cooling the sample to room temperature after growth and in an arsenic-rich ambient to prevent
As desorption from the MnAs surface. Growth and annealing
are both carried out within the ␥ phase of MnAs. Radial
scans along the MnAs关112̄0兴 direction were recorded during
the annealing cycle 共Fig. 8兲. The thermal expansion coefficient of ␥-MnAs in the basal plane is 4.3⫻ 10−5 K−1,42 which
is one order of magnitude larger than that of GaAs 共5.7
⫻ 10−6 K−1兲. Thus, upon heating, the MnAs共112̄0兲 peak
shifts towards lower angles. The temperature dependence of
the in-plane lattice parameter a during annealing is deduced
from the MnAs peak position and shown in Fig. 9共a兲. A net

increase of 0.43% for the in-plane lattice spacing is observed
during heating to 400 °C, while the increase in lattice parameter due to thermal expansion is calculated to be 0.18%. The
remaining 0.25% can be attributed to an annealing-induced
relaxation of the layer. We cannot rule out the intermixing of
Mn and Ga, which was found in an annealing study of MnAs
film on GaAs共001兲 without As-rich environment.43 However,
we note that the lattice spacings in our experiment tend to the
bulk MnAs values, which indicates a perfect crystal structure.
To investigate the effect of annealing on the in-plane order of the MnAs layer, we analyze the MnAs共112̄0兲 peak
widths in the radial scans. The correlation length along
MnAs关112̄0兴 as a function of annealing temperature is
shown in Fig. 9共b兲. It is obtained from the FWHM of the
peaks 共corrected for the instrumental resolution兲 by using
Scherrer’s formula.30 A net 20 % increase in the in-plane
correlation length is observed, indicating a clear improvement in the crystal quality of the layer most probably by the
removal of the defects at domain boundaries and the coalescence of smaller domains during annealing. Transverse scans
of the MnAs peaks show a decrease in peak width from
0.43° before annealing to 0.24° after the thermal treatment.
As discussed earlier, the width of the transverse scans is
completely attributed to the in-plane mosaic spread. Therefore, the mosaic spread of the layer is reduced by almost
50%. The grains are less twisted around the surface normal,
which also implies annihilation of defects at the grain boundaries. The integrated intensity of the MnAs peak, which
should remain constant according to kinematical theory, increases at the same time by a factor of 1.8 关Fig. 9共c兲兴. This
increase may be attributed to the enhancement of the crystal
quality by increasing the order in the film, removal of lattice
defects and distortions, which reduces the static DebyeWaller factor. Since the thermal expansion coefficient of
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FIG. 10. 共a兲 Radial 共 / 2⌰兲 scans along the MnAs关112̄0兴 direction measured at 200 °C before and after annealing. 共b兲 The evolution of integrated intensity of the S0 satellite during annealing. The
intensity increases 2.5 times during annealing. Arrows indicate the
heating and cooling sequence. X-ray energy, 12 keV.
FIG. 9. The evolution of in-plane lattice spacing 共a兲, in-plane
grain size 共b兲, and integrated intensity 共c兲 along the a axis during in
situ post-growth thermal annealing as a function of annealing temperature. The arrows indicate the direction of heating to 400 °C and
subsequent cooling to 200 °C. The filled triangles pointing right
represent the measurement during heating. The triangles pointing
left represent the measurement during cooling.

MnAs is notably larger than that of GaAs, the misfit decreases with rising temperature. The satellite peak, S0,
changes its position in the same way as the layer peak, as
shown by the dotted lines in Fig. 8. The satellite peak always
stays in the center between the layer and substrate peaks at
all temperatures. Hence, the dislocation network changes its
period to accommodate the lattice parameter misfit at a given
temperature.
Figure 10共a兲 shows two diffraction curves, before and after annealing both at 200 °C. The integrated intensity of the
satellite reflection S0 is plotted as a function of annealing
temperature in Fig. 10共b兲. The increase in integrated intensity
by a factor 2.5 clearly indicates an improvement in the periodicity of the dislocation array.
IV. CONCLUSIONS

In conclusion, we find that the growth of MnAs on the
GaAs共001兲 surface proceeds through the nucleation of almost relaxed MnAs islands starting from 4.2 ML, growth
and coalescence of the islands. Misfit dislocations are introduced already at a nominal thickness of 6 ML directly at the

interface before coalescence. The in-plane twist of the MnAs
islands decreases continuously during growth.
Depth-resolved grazing incidence diffraction reveals an
ordered array of misfit dislocations at the MnAs/ GaAs共001兲
interface. These dislocations are interfacial edge dislocations
with dislocation lines along the MnAs关0001兴 direction and
the Burgers vector 31 关112̄0兴. The separation between the dislocations is 4.95± 0.05 nm. The Burgers vector is equal to
one lattice spacing along MnAs关112̄0兴 and represents the
shortest possible perfect-dislocation Burgers vector in the
hexagonal system. The Burgers vector lies in the plane of the
interface and hence is very efficient in strain relaxation by
allowing lateral gliding of the misfit dislocations. These results agree with TEM studies.7
At the MnAs/ GaAs共113兲A interface, the strain is also released by the formation of a regular dislocation array of the
same orientation. The period of the dislocations is
2.45± 0.05 nm, which is exactly half of the period observed
at the MnAs/ GaAs共001兲 interface. The Burgers vector is
1
6 关112̄0兴. The dislocation arrays change their periods according to the strain variation caused by the coexistence of the ␣
and ␤ phases of MnAs at room temperature. The intensity of
the dislocation satellite along the CTR is measured and compared to model calculations. The inhomogeneous strain field
of the misfit dislocation array is found to be confined at the
interface within a thickness of 1.6 nm.
During annealing, the crystal quality of the MnAs layer
improves drastically and a 0.25% relaxation of the in-plane
lattice parameter a is observed. We find an increase in the
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integrated intensity of the layer peak by a factor of 1.8, primarily due to the improved crystal quality due to the removal
of defects during annealing. The mosaicity of the MnAs
layer is reduced by almost 50%. The order of the dislocation
array also improves due to annealing. The period of the dislocation network adjusts itself to the lattice parameter misfit
at all temperatures investigated.
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