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Abstract — An experimental and simulation study of the full strain tensor and of strain-induced
magnetocrystalline anisotropies in arrays of lithographically patterned (Ga,Mn)As on GaAs(001)
is performed using a coherent diffraction lensless microscopy technique. We demonstrate the ability
of our technique to get an insight into the strain field propagating in the crystal part belonging
to the substrate. The experimentally reconstructed strain fields are in good agreement with those

obtained from simulations based on elasticity theory.

Copyright © EPLA, 2011

Introduction. — The necessity to understand the
distribution of elastic strain in crystalline nano- and
micro-systems has been fueled by the recent discovery
of the role played by strain in the functionality of semi-
conductor devices [1-4]. Relatively large dielectric polar-
ization effects can be detected in the presence of the
strain gradients in crystals [5,6]. In systems consisting
of magnetic crystals the strain distribution, if spatially
tuned, can be used to control the resultant magnetic
anisotropy [7]. In spintronic device materials, the inter-
play between anisotropies of magnetic and transport prop-
erties combined with the intrinsic elastic strain in the
epitaxial layers give rise to multiple device relevant effects
such as strong anisotropic magnetoresistance (AMR) [8],
planar Hall effect [9], tunnelling AMR (TAMR) [10-12]
and Coulomb blockade AMR [13].

In spintronic applications, gallium manganese arsenide
((Ga,Mn)As) has been widely used as component for spin
memory devices [9,14] using the magnetic anisotropy as
one of the major physical quantities that determine the
direction of the magnetization. The magnetic anisotropy in

(2) E-mail: andrey.minkevich@kit.edu

turn depends on many parameters, including temperature,
carrier density and strain [1,15-18]. Epitaxially grown
(Ga,Mn)As on GaAs has a compressive strain distribu-
tion in the (Ga,Mn)As region as a result of the lattice
mismatch between the two materials. Spatial control of
this strain field can be induced by lithographical etch-
ing. It generates a highly inhomogeneous strain-gradient
distribution in the (Ga,Mn)As/GaAs structure. The in-
homogenous strain gradient induces a static fourth-rank
electric polarization field, which can be used to accumu-
late/deplete charge carriers in the device material upon
application of an external electric field to such a system.
The availability of the relevant method for precise studies
of the spatial strain distribution in such systems is highly
required. In this letter we report and focus on a coherent
X-ray diffraction imaging technique to non-destructively
retrieve the strain field in such device structures. Magnetic
anisotropic quantities are predicted from the experimen-
tally retrieved strain tensors.

X-ray data inversion analysis. — In case of crys-
talline objects the distribution of the X-ray scattered
amplitude in reciprocal space around a reciprocal-lattice
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Fig. 1: Schematic diagram of the iterative loop of the proposed
phase retrieval algorithm. ¢ corresponds to the arithmetic aver-
age of pp(r) within the support and e defines the threshold of
the electron density uniformity. i, and 4;, are the neighbouring
points along the p-direction (normally lateral or vertical) and
Ap corresponds to the step along this direction (direct space
resolution).

Point (RLP) is given by

E(Q) N/d?’T‘ {Qh“,)e—ihu(r)} e~ i(Q—h)r (1)
This formula assumes the validity of the first Born approx-
imation, thus the crystalline object has to be small. h and
Q are the reciprocal-lattice vector and the position vector
in reciprocal space (scattering vector), respectively, op (1)
is the corresponding Fourier component of non-strained
periodic electron density and w(r) is the displacement field
with respect to the non-strained lattice of bulk material.
Once the phase of the scattered wavefield is known, the
scatterer density distribution o(r) = on(7) exp(—ihu(r))
(i.e. direct space amplitude gp(r) and phase hu(r)) can
be obtained by inverse Fourier Transformation (FT). Since
the phases are experimentally not accessible, the direct
investigation of the shape and strain of the crystalline
semiconductor device requires implementation of a phase
retrieval method. The methodical principle is based on
an iterative loop of direct and inverse FT (towards the
experimental intensity distribution and back to the sample
space) and it may refine the genuine scatterer density
distribution g(r) even by starting with a non-realistic
model [19,20].

An important step in the phase-retrieval method is
the application of the constraints in reciprocal and direct
(real) spaces (see [21,22], among others). In reciprocal
space the constraints involve the routine replacement of
the calculated amplitudes by the experimental ones at
each iteration (see fig. 1). The direct-space constraint
has a conventional form of an a priori specified support
function determining the region in direct space, where
the scatterer (electron) density may differ from zero. The
method is on its way to become an established technique
for reconstruction of the electron density of amorphous
objects and unstrained crystals [23-27], since the problem
is reduced to finding the amplitude information only (e.g.,
0(r) = on(7)). In the case of a strained crystal, however,

the situation is much more difficult. In diffraction calcu-
lations a model of the crystal is expressed by a set of
complex values (see eq. (1)). Therefore there is a high
probability for the inversion method to converge to false
results [28]. Although the conventional phase retrieval
method is applicable in the case of weakly inhomogeneous
deformation fields [29], the problem persists in the case
of high inhomogeneities [30]. Here we present the way
to solve the outlined problem in the case of highly
strained crystals by imposing complementary constraints
in the iterative loop. The constraints are sequential from
experimental data itself.

In the case of the unstrained crystal (u(r)=0), it
follows from eq. (1) that its diffraction pattern around the
RLP is a FT of the crystal shape function. It corresponds
to the narrow peak in reciprocal space with an intensity
decay proportional to |@ — h|~2 or higher. The full width
of half maxima of the peak is proportional to the inverse
of the crystal size. In contrast the presence of local
strain gives rise to the strain-induced broad coherent
diffuse scattering around the RLP. The width of signal
broadening AQ around RLP (AQ, —along arbitrary

p-direction) is linearly proportional to the maximum

Ohu(r)

displacement component gradient max [T] along the
P

corresponding direction p. This fact allows to transform
the “limited frequency constraint” into the direct space
constraint of limited component of the displacement
gradient. In addition it was found [30] that the constraint
supporting the uniformity of the electron density in the
frameworks of single crystal has to be introduced.

Therefore, we add two complementary direct-space
constraints in addition to the standard support constraint
(labeled by (I) and (II) in fig. 1). The constraint (I)
requires that the amplitude gp () is uniform within the
support area corresponding to the constituent crystal
part. op(r) tends to ¢, which is the average amplitude
value in the support. The constraint (II) requires a
continuity of the displacements. This means, that the
phases which do not satisfy the constraint (II) are
reset to the relevant values taken from the neighboring
points. The direction p is usually chosen to point to the
maximum displacement gradient (see marked AQ, for
(Ga,Mn)As part in fig. 2(c)). The outlined additional
constraints (I)-(II) are required at the first iterations
of the algorithm to bring the iterative process to the
convergence. The final refinement is performed using only
the support constraint, like it is done in conventional
lensless microscopy.

The constraint (II) to the phases ¢(r) (see fig. 1)
assumes that the origin of our reciprocal-space Image
(RSI) corresponds to the center of the strain-induced
diffuse scattering cloud. The phases ¢(7) in direct space
are related to the displacement field via

#(r) = hu(r) + ARP99y,
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Fig. 2: (Colour on-line) (a) Schematic sketch of the (Ga,Mn)As/GaAs periodic wires and the RLPs measured during diffraction
experiment. (b) Measured reciprocal-space map (logarithmic intensity scale) near 004 Bragg reflection from (Ga,Mn)As/GaAs
periodic wires. (¢) Measured data (like in (b)) near 224 Bragg reflection. (d) Calculated reciprocal-space map near 004 Bragg
reflection from the results of reconstructions depicted in fig. 3(a). (e) Calculated data (like in (d)) near 224 Bragg reflection

corresponding to the results in fig. 3(b).

where ARBTe99 is a shift of origin of the RSI from the
RLP corresponding to the ideal (non-deformed) reciprocal
lattice described by h.

Experimental. — We investigated a (Ga,Mn)As wire
array with the period of 2um and the nominal wire
width of 1pm. A 200nm thick (Ga,Mn)As layer with a
nominal Mn concentration of about 7% was grown onto
(001) GaAs substrate using molecular beam epitaxy. The
periodic wire structure was prepared by electron beam
lithography and reactive ion etching with an etching depth
of approximately 700nm (see fig. 2(a)). The (Ga,Mn)As
surface wires are oriented along the [110] direction. The
technological details can be found elsewhere [31].

The (Ga,Mn)As/GaAs wires represent a crystal struc-
ture with a two-dimensional distribution of the elastic
displacement vector wu(z,z) in the plane (z,z) perpen-
dicular to the wire direction. The full inhomogeneous
strain information in the wire can be reconstructed from
two mutually independent Bragg reflections in the (z, 2)-
plane alone, since along the wire the strain in the layer is
constant and corresponds to the lattice mismatch.

Diffraction measurements were performed at the ID10B
and ID01 beamlines at ESRF, Grenoble, France. The
X-rays from an undulator sources were monochrom-
atized to EF=8 keV. Accurate retrieval of the strain
field with high spatial resolution requires illumination

by sufficiently high photon flux density. We used two
experimental techniques to increase the strength of the
scattering signal. In the first experiment at the ID10B
beamline, the entire ensemble of identical wires was
illuminated by a wide (0.2 x 0.2mm?) partially coherent
X-ray beam. High-resolution RSI in the vicinity of the 004
RLP (fig. 2(b)) was measured by use of a Si(111) crystal
analyzer. The g¢,-axis was perpendicular to the wires.
The large coherence length exceeding the dimensions
of one wire period allows for coherent magnifications of
the scattering signal. In the second experiment at ID01
beamline, RSI around 224 RLP was measured (fig. 2(c)).
The coherent photon flux was magnified at one single
wire by a micro-focussing optic, consisting of a stack of
beryllium compound refractive lenses. The data collection
was performed using a Princeton CCD camera while
rocking the sample around the axis parallel to the wires.
Having some particularities, both techniques provide
sufficiently good quality of experimental data for further
direct treatment using a developed diffractive imaging
method.

Results and discussion. — The diffraction peaks of
the semi-infinite GaAs substrate in both of RSIs are
described by the dynamical scattering theory. Since the
reconstruction method is based on FT relation, assuming
the validity of the kinematical approximation, it makes
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Fig. 3: (Colour on-line) (a) Results of the phasing method applied to the experimental data depicted in fig. 2(b). (e) Re-
construction of the diffraction pattern from fig. 2(c). The results for the (Ga,Mn)As and GaAs parts are shown separately.

sense to remove the substrate peak areas from the consid-
eration. The eliminated experimental data near the GaAs
RLP (marked by Qpeqr in both RSIs in fig. 2(b), (c))
is excluded from the reciprocal-space intensities mask
constraint (see fig. 1) and allowed to vary freely during
the reconstruction process. The RSIs data sampling corre-
sponds to the horizontal dimensions of the direct space
image being twice as large as the wire width. The signal
oversampling in vertical direction is problematic because
of the presence of the semi-infinite GaAs substrate and
consequent absence of the bottom edge of the support
in direct space. The diffuse scattering around the RLPs
corresponds to the inhomogeneous deformation field in
crystal. We reduced the vertical size of the support to fit
to the deformed area, therefore, the oversampling require-
ments can be easily fulfilled.

The initial size of the support in direct space is chosen
according to the technical specifications of the structure.
Performing the phase-retrieval algorithm, the Fourier
components of electron densities pp(r) of (Ga,Mn)As
and GaAs are assumed to be not affected by elastic
deformation and shall vary only with composition.

The results of the phase retrieval reconstruction of
the experimental data from fig. 2(b), (c) are depicted in
fig. 3. The results for (Ga,Mn)As and GaAs are shown
separately, since the corresponding RLPs are chosen to be
different in each case. The RSIs in fig. 2(d), (e) calculated
from the results of phase retrieval reconstruction (fig. 3)
show good consistence with the experiment (fig. 2(b), (c)).
The direct-space resolution achieved in Az x Ax is about
10 x 10 nm? for the retrieved data from 004 RSI and twice
as high —5 x 5nm?— for 224 RSI.

The components of the displacement field are calculated
from the reconstructed phases ¢(r) shown in fig. 3 using
eq. (2) starting from the unwrapped absolute phases.
The 004 RSI provides us with the information about the
relative vertical displacement component. The 224 RSI
supplies us with the projections of the displacements on
h??* and in combination with the vertical components
it leads to the lateral components of displacements. The

o N O

Fig. 4: (Colour on-line) Vector field of the atomic displacements
(arrows not to scale) reconstructed directly from the X-ray data
shown in fig. 2(b,c). The displacements are calculated from the
phases shown in fig. 3. The magnitudes of the displacements
are represented by the color map. For the structure dimensions
see fig. 2(a).

vector field of the reconstructed atomic displacements is
shown in fig. 4.

To further confirm the validity of our experimentally
reconstructed strain tensor, we utilized the experimentally
verified value (—0.35%) for the lattice mismatch between
GaAs substrate and the (Ga,Mn)As layer containing 7%
Mn as an input parameter for finite element analysis to
model the strain tensor within our wire structure. The
Poisson ratio and the Young modulus of GaAs were used
as an approximation for (Ga,Mn)As. Boundary conditions
for finite element simulations were specified by defining the
stress on the borders of the Mn-containing layer. The top
surfaces of GaAs substrate and the active layer where set
free of stress. The results are in excellent agreement with
the direct reconstruction results shown in fig. 4.

To maximize the functionality of spintronics devices
based on (Ga,Mn)As, qualitative knowledge of the
anisotropy components is required. These components
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are usually described in energy terms using the phenom-
enological model which separates the free energy density
into components having distinct symmetry [32]. Since
the growth-induced strain is the strongest symmetry
breaking mechanism, knowledge of this quantity is imper-
ative. Therefore, we used the data of the reconstructed
strain field to estimate the magnetic anisotropy in
(Ga,Mn)As [33]. The value of the average lateral strain
component, namely —0.14%, in (Ga,Mn)As (with the
negative sign signifying compression) taken as input led
the in-plane magnetocrystalline anisotropy coefficient
to be in the range of 6.8-7.6 KJm~2 [34]. The result
seems to be essentially larger than those received from
experiments [10]. We think that the found discrepancies
are caused by several factors. The first one is the possible
restricted applicability of the phenomenological analy-
sis [33] for the case of highly inhomogeneous deformations
or given growth conditions [35]. Secondly, the influence
of the manganese dopant concentration and subsequent
solid solution micro- and meso-inhomogeneities may
produce partial carrier localization effectively decreasing
the experimentally observed anisotropy [2].

Conclusion. — In summary, we have demonstrated the
capability of the coherent diffraction imaging phasing algo-
rithm for the retrieval of the full strain tensor of rela-
tively high magnitudes at nanoscale. We further show that
such strain tensor information provides a gateway for a
combined experimental-analytical non-destructive investi-
gation of macroscopic energy density materials such as
(Ga,Mn)As that can store, convert, and release energy
(electrical, magnetic, and mechanical) in a well-controlled
manner. The quantitative values of the displacement field
reconstruction have been validated using the elasticity
theory. The availability of a robust direct reconstruction
method will allow to gain precise knowledge about multi-
compositional strained nano-objects. Using the high qual-
ity of the reconstructed strain distribution, various applied
properties, such as, magnetic anisotropy in (Ga,Mn)As can
be directly estimated.
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