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A combination of high-resolution x-ray diffraction and a technique of x-ray standing-wave fluorescence at
grazing incidence is employed to study the structure of a �Ga,Mn�As-diluted magnetic semiconductor and its
changes during post-growth annealing steps. We find that the film is formed by a uniform, single-
crystallographic phase epilayer covered by a thin surface layer with enhanced Mn concentration to Mn atoms
at random noncrystallographic positions. In the epilayer, Mn incorporated at the interstitial position has a
dominant effect on lattice expansion as compared to substitutional Mn. The expansion coefficient of interstitial
Mn estimated from our data is consistent with theory predictions. The concentration of interstitial Mn and the
corresponding lattice expansion of the epilayer are reduced by annealing, accompanied by an increase of the
density of randomly distributed Mn atoms in the disordered surface layer. Substitutional Mn atoms remain
stable during the low-temperature annealing.
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I. INTRODUCTION

Mn is incorporated in ferromagnetic �Ga,Mn�As semicon-
ductors in substitutional MnGa positions and, a fraction of
Mn atoms can also occupy interstitial sites surrounded by
four Ga �Mni

�1�� or four As �Mni
�2�� nearest neighbors, as

illustrated in Fig. 1. Substitutional MnGa ions provide local
magnetic moments and holes that mediate long-range ferro-
magnetic coupling between the local moments.1,2 The less
energetically favorable Mni donors3,4 occur due to the ten-
dency to self-compensation in the highly Mn-doped GaAs
host with nearly covalent crystal bonding. Mni impurities are
detrimental to ferromagnetism since they act as charge and
moment compensating defects.5–9

The concentration of Mni in �Ga,Mn�As epilayers can be
significantly reduced by low-temperature ��200 °C� post-
growth annealing which leads to a dramatic improvement of
ferromagnetic properties of the epilayers.3,10–13 For example,
in the material with 9% nominal Mn doping which holds the
current record Curie temperature, the paramagnetic-to-
ferromagnetic transition was moved from 95 K in the as-
grown material up to 173 K after annealing.8 Detailed analy-
sis of Mn incorporation in �Ga,Mn�As and of the process of
Mni removal by annealing has therefore been one of the key
topics in materials research of these dilute moment ferromag-
netic semiconductors.

Direct experimental evidence for the presence of intersti-
tial Mn impurities in as-grown �Ga,Mn�As epilayers and for
their reduced density after post-growth annealing was given
by combined channeling Rutherford backscattering and
particle-induced x-ray emission measurements.3 The tech-
nique can distinguish between Mni and MnGa by counting the
relative number of exposed Mn atoms and the ones shad-
owed by lattice site host atoms at different channeling
angles. Mn incorporation at different crystallographic posi-
tions was also studied by x-ray absorption14 and by high-

resolution diffraction and structure factor measurements.15,16

The extraction of partial concentrations of different types of
Mn impurities in the lattice by these techniques is less
straightforward as the data are sensitive not only to the crys-
tallographic positions of Mn but also to local lattice distor-
tions on neighboring sites. X-ray diffraction measurement of
the �Ga,Mn�As epilayer lattice parameter is another indirect
technique that has been used to monitor the decrease of Mni
concentration in the epilayer after annealing.17–19 Here the
interpretation has relied on the assumption that Mni are the
only mobile impurities during the annealing process6,20,21

and used17 theoretical values22 for the defect expansion co-
efficients in �Ga,Mn�As or assumed19 specific scenarios for
charge compensation that fulfill the overall charge neutrality
condition.

A series of experimental works, including resistance-
monitored annealing combined with Auger spectroscopy,7

depth profiling by x-ray reflectometry,23 and surface capping
experiments,13,24–26 have focused on the mechanism causing
the decrease of Mni concentration in annealed �Ga,Mn�As
epilayers. The studies suggest that Mni impurities outdiffuse
to the layer surface and are passivated by oxygen when an-

FIG. 1. The elementary unit cell of GaAs with possible positions
of Mn atoms. The interstitial atoms Mni

�2� have the same lateral
coordinates as the substitutional Mn atoms.
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nealed in air or by forming MnAs in case of �Ga,Mn�As
films overgrown by As capping layers.

In this paper we report on high-resolution x-ray
diffraction27 �XRD� experiments and measurements of x-ray
standing-wave28 �XSW� fluorescence at grazing incidence in
as-grown and annealed �Ga,Mn�As films. The former tech-
nique allows us to monitor changes in the abundance of dif-
ferent types of impurities in the ordered part of the epilayer
during annealing steps by determining individual contribu-
tions from the impurities to the lattice parameter. XSW at
grazing incidence is an experimental technique which we
developed for detecting lattice-site-resolved Mn fluorescence
from pseudomorphic �Ga,Mn�As thin films. By small varia-
tions in the incidence angle of the primary beam we can tune
the exposure from covering the entire epilayer to only a few-
nanometer-thin surface layer. Data collected by the two
complementary techniques are interpreted directly with no a
priori assumptions on the behavior of Mn in as-grown sys-
tems and during annealing. They are used to determine crys-
tal phases in the �Ga,Mn�As layers, to compare lattice expan-
sion contributions from MnGa and Mni, to give an estimate
for the Mni lattice expansion coefficient, to compare stabili-
ties of MnGa and Mni atoms during annealing, and to directly
monitor Mni outdiffusion from the �Ga,Mn�As epilayer to the
surface and to characterize the surface Mn incorporation.

The paper is organized as follows. In Sec. II we briefly
introduce the sample growth and characterization and experi-
mental setups. Because of the novelty of the grazing inci-
dence XSW technique, we derive in Sec. III expressions for
the fluorescence intensity in this geometry and show typical
numerical spectra used for fitting the experimental data. Re-
sults of XSW and XRD measurements and their comparison
with theory are presented in Sec. IV. In Sec. V we discuss
our results in the context of previous and potential future
measurements, and we conclude in Sec. VI with a brief sum-
mary of our main findings.

II. EXPERIMENT

Four samples were studied from a wafer grown by
molecular-beam epitaxy �MBE� on a �001� GaAs semi-
insulating substrate. The MBE deposition started with a
320-nm-thick high-temperature GaAs buffer followed by a
5-nm low-temperature GaAs layer and, finally, a low-
temperature �Ga,Mn�As epilayer was grown with a nominal
thickness of 100 nm. The substrate temperature during the
low-temperature deposition was 240 °C as measured by a
floating thermocouple. Mn doping of 3.5% ±0.5% was esti-
mated from the ratio of the growth rates measured by the
reflection high-energy electron diffraction �RHEED� oscilla-
tions before and after opening the Mn cell. The as-grown
structure �sample No. 1� shows metallic conductivity with
room-temperature conductivity of 300 �−1 cm−1. The Curie
temperature of 55 K was determined by superconducting
quantum interference device �SQUID� magnetization mea-
surements. Samples Nos. 2, 3, and 4 were annealed in air at
200 °C for 1, 2, and 4 h, respectively. Corresponding Curie
temperatures are 65 K, 68 K, and 72 K.

Room-temperature XRD measurements of the thickness
of �Ga,Mn�As epilayers and of the contributions to the lattice

parameter from different types of impurities were performed
for coplanar symmetric 002 and 004 diffractions. We used a
commercial high-resolution diffractometer equipped with
conventional Cu K� x-ray tube, parabolic x-ray mirror,
Bartels-type 4�220 Ge monochromator, and 3�220 Ge
analyzing crystal.

XSW fluorescence experiments were carried out on the
ID32 beamline at the European Synchrotron Radiation Facil-
ity in Grenoble using an energy of the primary x-ray beam of
10 keV. The technique is based on interference of the pri-
mary x-ray beam with the diffracted beam which creates a
standing wave in the diffracting crystal volume. The period
of the standing-wave pattern equals the distance of the dif-
fracting net planes, and the position of the antinodes of the
standing wave can be sensitively tuned by changing the di-
rection of the primary beam.28,29 The presence of Mn atoms
in different lattice positions was detected by measuring the
fluorescent MnK� radiation. The solid-state detector was
placed close to the sample surface, collecting the fluores-
cence signal from a wide solid angle, yet avoiding direct
illumination of the detector by the primary and diffracted
beams.

The XSW experimental setup is schematically illustrated
in Fig. 2. For in-plane 400, 220, 200, and 420 diffractions
and for various incidence angles �i near the critical angle �c
of total external reflection, we measured the dependence of
the fluorescence signal � on the azimuthal deviation ��i of
the primary x-ray beam from the diffraction position. Recall
that �Ga,Mn�As epitaxial layers grown on GaAs buffer have
a pseudomorphic structure—i.e., their in-plane lattice param-
eter is the same as in the substrate—however, their vertical
lattice parameters are different. Therefore, the XSW experi-
ment has to be carried out in the grazing incidence ��i

��c� geometry. In this arrangement the diffracting net
planes and the antinode planes of the standing wave are per-
pendicular to the surface, allowing only for the determination
of the in-plane coordinates of Mn atoms.

To our knowledge this technique has not yet been em-
ployed and we therefore included the following theory sec-
tion which details the procedures for analyzing grazing inci-
dence XSW data.

III. THEORY

In the calculation of the fluorescence intensity we assume
that the intensity of the fluorescence radiation emitted from a

FIG. 2. �Color online� Sketch of the grazing-incidence geom-
etry. The wavy line is the fluorescence radiation; the dashed line
denotes the diffracting crystallographic plane perpendicular to the
sample surface.

HOLÝ et al. PHYSICAL REVIEW B 74, 245205 �2006�

245205-2



given atom is proportional to the magnitude of the Poynting
vector

S =
1

2
Re�E � H*� �1�

of the wave field inside the �Ga,Mn�As layer in the position
of a given Mn atom. For the calculation of the electric and
magnetic intensities E and H we use the two-beam approxi-
mation of dynamical diffraction theory.30 In this approxima-
tion, the wave field inside the layer can be written as a su-
perposition of four transmitted waves �E0n , n=1, . . . ,4� and
four diffracted waves �Ehn�cnE0n , n=1, . . . ,4� with wave
vectors k0n and khn=k0n+h, respectively; h is the diffraction
vector which is assumed to be parallel to the surface. In the
following, we restrict our discussion to S polarization in
which the E waves are nearly perpendicular to the sample
surface.

Using the Maxwell equation

H =
1

��0
rotE

��0 is the vacuum permeability, and � is the frequency of the
primary x-ray radiation� we obtain the following expression
for the Poynting vector:

S = S0t0 + Shth, �2�

where t0,h are the unit vectors parallel to the in-plane com-
ponents of the wave vectors of the primary and diffracted
waves, respectively, and

S0�	,Z� =
K

2�0�
Re� �

n,m=1

4

eiZ�k0nz−k0mz
* �E0nE0m

* �1 + cnei	�� ,

Sh�	,Z� =
K

2�0�
Re� �

n,m=1

4

eiZ�k0nz−k0mz
* �E0nE0m

* cm
* �1 + cne−i	��

�3�

are the components of the Poynting vector parallel to the
primary and diffracted beams, respectively. Since the ampli-
tudes E0n and Ehn depend on the depth Z of the Mn atom
below the surface, the entire Poynting vector depends on Z as
well. In Eqs. �3�, 	=h ·r, where r is the position of the Mn
atom within the GaAs unit cell. Parameters E0n, cn, and k0nz
were calculated from the two-beam dynamical diffraction
theory taking into account four tie points on the dispersion
surface.30,27

The fluorescence signal is proportional to the weighted
sum of the contributions of all Mn atoms:

� = const � �
−


0

dZe−�f 	Z	�
p

np�Z�	S�	p,Z�	 , �4�

where � f is the linear absorption coefficient of the Mn K�
fluorescence radiation in GaAs and np�Z� is the concentration
profile of the particular impurity in the �Ga,Mn�As epilayer
normalized to 1 �p=s , i�1� , i�2��—e.g., ns=1 for substitutional
Mn occupying all Ga sites. Equation �4� is the basis for nu-
merical simulations; the resulting fluorescence signal � is

convoluted with the angular distributions of the primary
beam intensity both in the azimuthal direction and in the
direction perpendicular to the sample surface. The fluores-
cence signal for randomly distributed Mn atoms, Mnr, is
simulated numerically by averaging the value of � obtained
from Eq. �4� over all values of the phase 	. Note that Mnr
atoms can represent another phases present in the sample
�MnAs for instance� or can be incorporated, e.g., in an amor-
phous surface oxide layer.

An important advantage of the grazing-incidence geom-
etry is that the penetration depth of the primary x-ray radia-
tion can be sensitively tuned by changing its incidence angle
�i, as shown in Fig. 3. Slightly below the critical angle �c
��c
0.24° in GaAs for 10 keV beam energy� the penetra-
tion depth is only a few nanometers so that the fluorescence
signal stems from Mn atoms in a very thin surface layer.
When crossing the critical angle the penetration depth
steeply increases and for �i only slightly larger than �c it
exceeds 100 nm which is the thickness of the studied
�Ga,Mn�As layer.

Figure 4 shows the fluorescence signal calculated for sub-
stitutional MnGa, for interstitial Mni

�1�, and for Mnr positions.
Note that for the �001� surface orientation, Mni

�2� have the
same lateral position as MnGa and, therefore, these two im-
purities cannot be distinguished by measuring XSW fluores-
cence in the grazing incidence geometry. The theoretical
fluorescence signal is plotted as a function of the azimuthal
deviations ��i of the primary x-ray beam from the diffraction
maximum for several incidence angles �i= �0.20° ,0.22° ,
0.24° ,0.26° ,0.28° � near the critical angle. The calculations
were performed for in-plane 400, 220, 200, and 420 diffrac-
tions, assuming that the Mn atoms are homogeneously dis-
tributed over the whole width of the �Ga,Mn�As layer. The
energy of the primary beam considered in the calculations is
10 keV. The theory curves illustrate that substitutional and
random positions can be identified mainly from the strong
400 and 220 diffractions while the Mni

�1� positions from the
weak 200 or 420 diffractions.

In Fig. 5 we plot the calculated dependence of the fluo-
rescence signal on the incidence angle �i far from the dif-
fraction position. Since the signal here is excited by the
transmitted wave, its �i dependence is determined only by

FIG. 3. The dependence of the penetration depth of the primary
x-ray beam on the incidence angle �i in GaAs calculated the energy
of 10 keV; �c denotes the critical angle of total external reflection.
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the penetration depth of the incoming radiation. Indeed, be-
low the critical angle the calculated fluorescence is very
weak while it steeply increases for �i��c. Note that the
shape of the curve does not depend on the position of Mn
atoms in the unit cell. To illustrate the sensitivity of the �i
dependence of the fluorescence on inhomogeneities in the
Mn depth profile, two curves are plotted in Fig. 5; the solid
line corresponds to a uniform Mn distribution within the
whole 100-nm-thick �Ga,Mn�As layer, and the dashed line
was obtained assuming a 10-nm Mn-rich surface layer with a
10� larger Mn density.

IV. RESULTS

We now present and analyze experimental data measured
in the four �Ga,Mn�As layers. Since the collected fluores-
cence data provide more direct information on Mn positions
in the lattice and allow us to study both the ordered epilayer
part of the �Ga,Mn�As film and the more disordered surface
layer, we start with this technique. Results of the XSW ex-

periments are also used to make a more detailed interpreta-
tion of the XRD measurements of the �Ga,Mn�As epilayer
which are presented in the following subsection. As will be-
come clear by the end of this section the two techniques,
however, are largely complementary and both essential for
the conclusions we arrived at in this work.

A. X-ray standing-wave fluorescence from Mn atoms

Before resorting to the more elaborate standing-wave ex-
periments, the role of the surface during annealing can be
tested by fluorescence measurements without the XSW
effect—i.e., for large azimuthal deviations ��i from the dif-
fraction maximum. The comparison of experimental data
shown in Fig. 6 with theoretical curves in Fig. 5 clearly
indicates the development of a Mn-rich surface layer during
the annealing process. The experimental curves could be
equally well fitted assuming the thickness of the Mn-rich
layer between 2 and 10 nm; the fitted surface density then
increases correspondingly to the decrease of the assumed

FIG. 4. �Color online� The Mn K� fluorescence intensities cal-
culated for the Mn atoms in substitutional positions �or in Mni

�2��
�a�, in the random positions Mnr �b�, and in the Mni

�1� positions �c�,
in four in-plane diffractions 400, 220, 200, and 420 �surface �001��.

FIG. 5. The dependence of the fluorescence signal on the inci-
dence angle �i calculated for the azimuthal direction of the primary
beam far from the diffraction position assuming a homogeneous
distribution of Mn atoms �solid line� and a surface layer 10 nm
thick, where the Mn density is 10 times larger �dashed line�. The
curves do not depend on the positions of the Mn atoms in the unit
cell and on the diffraction used. �c is the critical angle of total
external reflection; the curves are normalized to their maxima.

FIG. 6. The fluorescence signal measured for large angular de-
viations ��i from the diffraction maximum for various incidence
angles �points� and its theoretical fit �lines�. The curves are normal-
ized to their maximum values.
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surface layer thickness. This ambiguity partly hinders quan-
titative interpretation; nevertheless, the Mn-rich surface layer
in annealed samples is ubiquitous. As an illustration we give
in Table I values of the fitted surface Mn density N relative to
the density n in the homogeneous epilayer beneath the sur-
face layer assuming a fixed Mn-rich layer thickness of 3 nm
for all four samples.

The origin of Mn atoms arriving at the surface during
annealing and their incorporation in the surface layer is elu-
cidated by the fluorescence measurements in the grazing-
incidence XSW geometry. Examples of the measured ����i�
curves for �i��c and �i��c are shown in Figs. 7 and 8,
respectively. For the incidence angle �i
0.35° ��c the pen-
etration depth of the primary beam is much larger than
100 nm; i.e., the XSW signal is averaged over the entire
layer volume. The XSW curves in Fig. 7 were fitted for all
diffractions simultaneously, and from the fit we could deter-
mine the density pr of Mnr relative to the density of the
substitutional MnGa atoms plus Mni

�2� atoms, pr= n̄r / �n̄s

+ n̄i
�2��, and the relative density of Mni

�1�, pi
�1�= n̄i

�1� / �n̄s+ n̄i
�2��.

Because of the large penetration depth of the incidence
beam, the quantities represent average densities over the en-
tire �Ga,Mn�As layer.

A similar fitting procedure was applied to data measured
at �i��c, shown in Fig. 8. Here the penetration depth of the
primary beam is only 3 nm so the fitted densities correspond
to a thin surface layer. The Mnr atoms with high surface
density were detected even at this small incidence angle;
however, the data were not sensitive enough to measure the
Mni

�1� impurities. For the fitting we used the values for the
relative Mni

�1� densities from the measurements at �i��c
and determined only the relative density Pr of Mnr in the
surface layer.

Results of the XSW experiments are summarized in Table
I. For convenience we also included in the table the partial
Mn impurity concentration recalculated relatively to the total
combined density of MnGa, Mni

�2�, Mni
�1�, and Mnr, for both

�i��c and �i��c. In particular, we show the values of the
bulk relative densities

qr =
n̄r

n̄
=

pr

1 + pr + pi
�1� , qs + qi

�2� =
n̄s + n̄i

�2�

n̄
=

1

1 + pr + pi
�1� ,

and the relative density of the Mnr atoms in the surface layer,

Qr =
Pr

1 + Pr + pi
�1� .

From the data in Table I we can draw the following conclu-
sions: �i� The number of Mnr atoms systematically increases
with annealing time. �ii� Since Pr / pr is similar to the ratio
between the �Ga,Mn�As layer thickness and the exposed sur-
face layer width in the �i��c experiment, Mnr atoms are
concentrated in the surface layer. This also means a marginal
role �if any� of second phases in the �Ga,Mn�As epilayer. �iii�
As the Mnr atoms fill the surface, the density of MnGa plus
Mni

�2� impurities in the �Ga,Mn�As layer decreases. The
XRD data discussed in the following subsection show that
the density of substitutional MnGa atoms remains constant
during annealing. We can, therefore, directly link the outdif-
fusion of interstitial Mni

�2� from the �Ga,Mn�As with the
buildup of the Mnr-rich surface layer. Note that we detected
only a small density of Mni

�1� impurities and no systematic
behavior during annealing can be extracted from the data.

B. X-ray diffraction from (Ga,Mn)As epilayers

Experimental XRD curves, along with their fits obtained
by conventional dynamical diffraction theory, are shown in
Fig. 9. The 002 and 004 diffractions were fitted simulta-
neously. Local distortions of the lattice around Mns and
Mni

�1,2� atoms were neglected in the fitting procedure. The
very good correspondence of experimental and theoretical
diffraction curves demonstrates good structural quality of the
epilayers and homogeneity of the Mn distribution. No mea-
surable Mn concentration gradients were detected across the
epilayer.

The epilayer thickness and the total lattice expansion pa-
rameter 
, defined as a=a0+
 where a0 is the GaAs lattice
constant and a is the relaxed lattice parameter of the �Ga,
Mn�As epilayer, were obtained independently with error bars
smaller than 1%. Since the average structure factor and con-
sequently the heights of the layer maxima on the diffraction
curves depend on the impurity type, we were able to measure
lattice expansion contributions from individual impurities,
albeit with smaller accuracy. In particular, we assumed that

=
s+
i+
a, where the subscript “s” stands for substitutional
MnGa, “i” for interstitial Mn of both types Mni

�1� and Mni
�2�,

and we also included antisite AsGa impurities �
a�. Note that

TABLE I. The parameters obtained from the measured XSW curves. N /n is the ratio of the total Mn
density in the surface layer and the total Mn density n=3.5% in the homogeneous epilayer beneath the
surface layer. pr and pi

�1� are the densities of Mnr and Mni
�1�, respectively, relative to the density of MnGa plus

Mni
�2� atoms, obtained from the XSW data at �i��c. Pr is the relative density of Mnr obtained for �i��c.

qs+qi
�2� and qr are the recalculated partial concentrations of MnGa plus Mni

�2� and of Mnr, respectively, for
�i��c; Qr is the recalculated partial concentration of Mnr for �i��c �see the text for more details�.

Sample No. N /n pr pi
�1� Pr qs+qi

�2� qr Qr

1 1.1±0.1 0.12±0.01 0.04±0.01 2±1 0.865 0.1 0.62

2 5±2 0.22±0.01 0.025±0.05 5±1 0.80 0.18 0.825

3 12±3 0.28±0.05 0.035±0.01 8±2 0.76 0.21 0.88

4 17±3 0.36±0.10 0.06±0.01 15±4 0.705 0.255 0.935
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the expansion parameters 
p, p=s , i , a, and the Vegard’s law
dilatation coefficients �p are related as 
p=�pnp.

The influence of Mnr atoms on 
 was not taken into ac-
count in our simulations. Other crystallographic phases,
where Mnr atoms are incorporated, could affect the mean
lattice constant of the epilayer only if they deform the sur-
rounding crystal lattice and give rise to measurable diffuse
x-ray scattering. Consistent with the results of XSW experi-

ments, no such effects were detected in the XRD data for the
studied �Ga,Mn�As epilayers.

We found that equally good fits could be obtained assum-
ing any value of 
a ranging from 0 to 5�10−3 Å. The ex-
tracted total expansion 
, shown in Table II, is independent
of the choice of 
a which immediately implies the depen-
dence of the fitted 
s and 
i on 
a. In Table II we show
expansion parameters obtained for the two limiting values of

FIG. 7. �Color online� The XSW scans of
samples Nos. 1–4 measured in various in-plane
diffractions for the incidence angle �i
0.35°
���c� �black points� and their theoretical fits �red
lines�.
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a. Despite the quantitative ambiguities in the values of indi-
vidual expansion parameters we can safely conclude that the
lattice constant decreases during annealing and that the den-
sity of MnGa atoms remains constant and, consequently, the
decrease of the total lattice parameter with annealing time is
due to the removal of Mni impurities from the ordered epi-
layer part of the �Ga,Mn�As film. �Note that AsGa antisites in
GaAs are stable up to �450 °C.21�

Although the XRD and XSW experiments did not allow
us to separately determine MnGa and Mni partial densities,
the p-type character of the �Ga,Mn�As semiconductor and
the single acceptor nature of MnGa and the double-donor na-
ture of Mni and of AsGa imply that ns�2ni. From this and
from the expansion parameters in Table II we obtain that the
dilatation coefficient �i is at least 10� larger than �s. A sig-
nificantly larger lattice expansion due to Mni as compared to
MnGa is consistent with ab initio theory predictions.22,31

Using the results of XSW measurements and recalling
that Mni are the only unstable impurities during annealing
which contribute to 
 we can also make an estimate for the
absolute value of �i. The measured changes in 
 after each
annealing step and the Mni expansion coefficient are related
as �i=�
i /�ni, where �ni=n��qi

�1�+��qs+qi
�2���. For n we

can take the MBE-growth value 3.5% ±0.5% and the
changes of the relative partial concentrations can be read out
from Table I. The value �i=0.4±0.2 we arrive at has an
appreciable scatter, reminiscent of the current theoretical un-
certainty for this coefficient.22,31 Nevertheless, the experi-
ment and theory are consistent within these error bars.

V. DISCUSSION

Our experiments confirm the basic picture derived from
previous studies of Mn incorporation in �Ga,Mn�As and of
the annealing process but the measurements are more direct
and provide more detailed information about the structure of

the �Ga,Mn�As epilayer and of the layer surface. The XSW
measurements clearly indicate the existence of a Mnr-rich
surface layer. The detailed chemistry of this layer is un-
known to us; it could be a surface oxide growing during
annealing of �Ga,Mn�As in air or a very thin MnAs layer.

The small number of Mni
�1� we detected also requires fur-

ther investigation. In particular, it would be useful to use a
XSW geometry in which both Mni

�1� and Mni
�2� can be de-

tected independently. Such a geometry together with calibra-
tion measurements on pure Mn crystal should allow for a
fully quantitative interpretation of the XSW data. In order to
detect Mni

�2� independently of MnGa atoms, it would be nec-
essary to use a diffraction with a non zero out-of-plane com-
ponent of the diffraction vector h, since MnGa and Mni

�2�

atoms differ only in their vertical positions. For such a dif-
fraction, the XSW effect can be measured �i� in the case of a
very thin �Ga,Mn�As layer or �ii� for a very thick layer. In the

FIG. 8. �Color online� The XSW scans of samples Nos. 1–4
measured in the 220 in-plane diffraction for three incidence angle
smaller or close to the critical angle �c �black points� and their
theoretical fits �red lines�. The values of the incidence angle �i in
degrees are indicated above the corresponding curve.

FIG. 9. �Color online� High-resolution x-ray diffraction curves
of samples Nos. 1–4 in diffractions 002 �left column� and 004 �right
column� �black points� and their fits by conventional dynamical
diffraction theory �red lines�.
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former case, the diffraction in substrate can be used for the
creation of the standing wave and the �Ga,Mn�As layer has
to be very thin so that the vertical misalignment of the Mn
atoms �due to the lattice mismatch� with respect to the
standing-wave pattern is negligible. This condition is ful-
filled for the layer thickness

T �
asub

f
, �5�

where f = �alayer�−asub� /asub is the vertical lattice mismatch
of the �Ga,Mn�As epilayer with respect to the GaAs sub-
strate. Since in our case the mismatch is of the order of 10−2,
the �Ga,Mn�As layer would have to be much thinner than
50 nm.

In case �ii�, the diffraction in the �Ga,Mn�As epilayer can
be used as a source of the standing wave. In order to achieve
a measurable XSW effect, the intensities of the primary and
diffracted beams must be comparable; i.e., the thickness of
the epilayer has to be comparable to the x-ray extinction
length �above 1 �m�. Note, however, that theoretical analy-
sis of these experiments will be complicated by the fact that
the standing wave itself is affected by the presence of Mn
atoms.

VI. CONCLUSIONS

We have studied the structure of epitaxial �Ga,Mn�As lay-
ers and their changes during post-growth annealing using
high-resolution x-ray diffraction and grazing-incidence x-ray
standing-wave techniques. The layers are formed by a high-
crystal-quality �Ga,Mn�As epilayer covered by a thin Mn-
rich layer. We have identified that the excess surface Mn
density is due to Mn atoms occupying random positions in-
commensurate with the host lattice. The increase of the den-
sity of random Mn atoms during annealing is correlated with
the decrease of interstitial Mn density in the �Ga,Mn�As ep-
ilayer.
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