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Strain determination in multilayers by complementary anomalous x-ray diffraction
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A method to determine selectively the lattice parameters and the strain in multilayers is developed, based on
x-ray diffraction, using two wavelengths close to the absorption edges of different elements. This allows for a
complementary suppression of the constituent materials in the multilayer. The method is applied to a study of
single crystal multilayers of EuSe and PbSeTe grown by solid source molecular-beam epitaxy. The enhance-
ment of the chemical contrast by anomalous x-ray diffraction and the high resolution is exploited to achieve a
sensitivity for interdiffusion on an angstrom scale.
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I. INTRODUCTION

Strain and interdiffusion in multilayered semiconduct
devices are crucial features for their functionality. The ba
structure as well as the two-dimensional confinement effe
are determined by these properties. In heteroepitaxial st
tures, x-ray diffraction is usually the tool of choice to dete
mine lattice parameters and hence strain. In the case of o
lapping intensities from similar lattice parameters of tw
distinct materials, and especially, if interdiffusion betwe
the materials can occur, the precise determination of t
strain state and a discrimination between strain and com
sition remains ambiguous to a certain extent. Indirect me
ods based on elaborate fitting of the diffraction patterns
usually applied for the analysis.1–3

We present here a method based on anomalous diff
tion, i.e., the tuning of x-ray energies close to absorpt
edges of the constituent elements of multilayers. The met
can be employed for all compound materials with superstr
ture reflections, such as the zincblende or the rock salt st
ture. Using two distinct x-ray energies, the scattering con
bution from one material can be greatly reduced compare
a second one, and vice versa. Fitting the scattering spe
obtained at the two energies with a single set of parame
considerably enhances the sensitivity to strain, and allows
a clear discrimination of strain and composition. As t
analysis requires the tuning of x-ray energy, measurem
need to be performed at a synchrotron source. As a m
system to demonstrate the method, we study lead and
ropium chalcogenides for two reasons. First, Eu compou
exhibit magnetic properties which depend sensitively on
tice strain.4,5 Second, these compounds offer strong anom
lous scattering, which allows for a clear presentation of
method.

The combination of PbSe and EuSe in heterostructu
and multilayers promises a tuning of the magnetic and o
cal properties of EuSe.6 Neutron-scattering experiments fro
bulk EuSe under high hydrostatic pressure have shown th
change in the lattice parameter drastically influences
magnetic exchange interaction between the Eu ions.4 The
biaxial stress in pseudomorphic heteroepitaxial multilay
has a similar effect.5,7 EuSe has a cubic lattice parameter
aEuSe56.187 Å, the lattice parameter of PbSe and PbTe
0163-1829/2004/69~19!/195307~8!/$22.50 69 1953
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aPbSe56.124 Å andaPbTe56.462 Å, respectively. Changing
the ternary composition in EuSe/PbSe(12x)Tex (x50 –0.4)
multilayers, a change of the EuSe in-plane lattice param
by 21.0 to 11.2% corresponding to a distortion in growt
direction between10.75% and20.83% can be achieved fo
perfect pseudomorphic growth. It is therefore of special
terest to selectively determine the strain in EuSe with a p
cision of 0.1% of the lattice parameter. Due to the similar
of the lattice parameters of the two epilayers and the usu
much larger thickness of the PbSe(12x)Tex spacer layers to-
gether with Pb as the strongest x-ray scatterer, it is diffic
to extract detailed strain information about the EuSe lay
from a conventional high-resolution diffraction pattern.

In Sec. II, the selective suppression of scattering from
particular binary material is explained in detail. Section
describes the anomalous diffraction experiments on Eu
PbSe multilayers. The results are discussed in Sec. IV.
numerical simulation of scattering patterns is summarized
the Appendix.

II. SUPPRESSION OF A BRAGG REFLECTION

Anomalous scattering can be employed to suppress su
structure reflections in compound crystals.8 Our model sys-
tem crystallizes in the rock salt structure. Here the scatte
amplitude from, e.g., the~111! reflection in PbSe read
F (111)54( f Pb2 f Se), and accordingly for the other binar
compounds. The atomic scattering factorsf Pb, f Eu, f Se, and
f Te are complex numbers composed of a momentum dep
dent partf 0 and resonant correctionsf 8 andi 3 f 9 depending
on x-ray energy:f (q,E)5 f 0(q)1 f 8(E)1 i f 9(E). For cer-
tain energies and momentum transfersq, the scattering fac-
tors of two elements can become equal, and conseque
the scattering amplitude of the corresponding compou
vanishes.

The momentum dependence off 0 can be calculated for al
elements according to the parametrization published in R
9. f 8 and f 9 are generally taken from international tables.10,11

Close to absorption edges, however, an experimental de
mination of the scattering factors is necessary, as the e
location of the edges as well as the variation off 8 and f 9 in
the vicinity of absorption edges can deviate from the th
retical values. Additionally, such a measurement already
©2004 The American Physical Society07-1
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cludes the energy resolution of the experimental setup in
determined values off 8 and f 9 that are later used to simulat
the diffraction spectra.

Usually f 9 is measured by absorption. At low x-ray ene
gies and for heavy elements as Pb, this would require
extremely thin foil. It is therefore easier to measure the flu
rescence yield from a thin film as a proportional measure
absorption. For our calibration, a 100 nm thick PbSe fi
was irradiated with x rays and the Pb fluorescence was
corded as a function of the incident x-ray energy across
Pb MV edge. With the tables given in Ref. 12, based on R
11, the values forf 9 were extrapolated up to 250 keV andf 8
was calculated for Pb via the Kramers-Kronig relation. T
measured and calculated values off 9 and f 8 are plotted as
crosses in Figs. 1~a! and 1~b! as a function of energy.

In the case of the PbMV edge, we observed a significa
deviation of the edge energy from the tabulated values
are generally used. In the international tables based on R
10 and 11, the PbMV-edge value is given as 2484 e
whereas we determined a value of 2502 eV. However,
evolution of f 9 in the vicinity of the PbMV edge in our
measurement coincides well with the values given in Ref.
For comparison, the values according to Refs. 10~dashed
line! and 12~based on Ref. 11; full line! are added. The latte
are in good agreement with our experimental results.

The real parts of the complex atomic form factors of t
four concerned elements, as well as the calculated and m
sured evolution of the~111! Bragg intensity from PbSe an
PbTe are plotted in Fig. 2 as a function of energy. As Pb~82
electrons! is much heavier than Se~34 electrons! and Te~52
electrons!, it is not possible to achievef Pb5 f Seor f Pb5 f Te at
the K or L edges of Pb. Close to the PbMV edge around
2500 eV, however, the resonance causes a decay of
atomic form factor of Pb down to an intersection point w
the Te and even the Se form factor, resulting in a stro
suppression of the PbSe or PbTe~111! reflection at these
intersection energies, as shown in detail in Fig. 2~b!. For any

FIG. 1. ~a! Values off 9 for Pb in the vicinity of the PbMV edge
as determined by fluorescence measurements~crosses!, compared to
values from different international tables~dashed and full lines!. ~b!
Evolution of f 8 for Pb in the same energy regime as in~a!.
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ternary alloy PbSe(12x)Tex the intersection energy lies in be
tween. Forf Eu and f Se, there exists no intersection point i
the x-ray regime, however, a significant minimum in the
tensity of the EuSe~111! reflection occurs below the Eu LIII
edge at 6977 eV.

III. EXPERIMENTS

All diffraction experiments were carried out in specul
reflectivity geometry, up to scattering angles of 140°. T
high angular range was required in order to achieve the n
essary momentum transfers at x-ray energies as low as 2
eV. We have recorded line scans alongq across the specula
~111! Bragg reflection of EuSe/PbSe and EuSe/PbSe(12x)Tex
multilayer superlattices grown in̂111& direction by solid
source molecular-beam epitaxy~MBE! onto BaF2~111!
single-crystal substrates. Details about the MBE growth w
be published elsewhere.13 The thicknesses of the superlattic
layers, the number of bilayers as well as the Te contentx in
the ternary layers of the three investigated samples are li
in Table I.

Since x-ray energies below 4 keV are required, where
and almost any other material show strong x-ray absorpt
we used an in-vacuum diffractometer with windowless o
eration at the beamline ID01 at the ESRF in Grenoble.
perform diffraction experiments at x-ray energies around
keV remains an experimental challenge but offers resolu

FIG. 2. ~a! Absolute values ofu f Pbu ~full line!, u f Euu ~dashed!,
u f Teu ~dotted!, andu f Seu ~dash dotted! according to Ref. 12 and for a
momentum transfer ofq51.75 Å21, corresponding approximately
to the PbSe and EuSe~111! Bragg reflections.~b! Calculated~111!
Bragg intensity from EuSe~full line!, PbSe~dashed!, and PbTe
~dotted! in the vicinity of the Pb MV edge. The diffracted intensitie
as measured are added as for PbTe~full squares! and PbSe~open
circles!.
7-2
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benefits, since the coherence length of the x-rays scales
the wavelength. This is of particular importance in the ca
of high-quality multilayers. For a sample with a total thic
ness of about 0.3mm, the whole multilayer stack can b
coherently illuminated at 2490 eV, but not at e.g., 12 300
which is a typical energy usually exploited in diffraction. F
both cases, radial scans alongq across the specular~111!
reflection were measured, which are plotted in Figs. 3~a! and
3~b!, together with simulations. For clarity, the simulatio
are shifted downwards with respect to the measurement

For all x-ray energies, the same collimation settings w
used, leading to a similar photon flux. The perfection
growth is visible only at 2490 eV in Fig. 3~a!. In this case, all
(N22)528 side maxima of the interference function of t
30 bilayers are visible, proving a coherent growth of t
crystal lattice throughout the complete multilayer. In t
measurement at 12 300 eV, the oscillations are smeared
hence the data do not allow for an equally detailed analy

IV. DISCUSSION

A. Perfect multilayers

For a heteroepitaxial EuSe/PbSe(12x)Tex multilayer, it is
possible to choose two complementary energies, prono
ing either the EuSe or the PbSe(12x)Tex scattering, and sup
pressing the other component, as shown for sample M1
in Fig. 3, together with simulations. All simulations are pe
formed for perfect growth and take into account the ene
dependent anomalous dispersion. They are convoluted
the resolution function of the experiment, which depends
the wavelength, the collimation conditions and the incid
and exit angles of the x-ray beam. To the left and to the ri
of the highest multilayer satellite peak, the~111! Bragg peaks
of the BaF2 substrate (aBaF2

56.200 Å) and the 2.3mm thick
PbSe buffer layer are visible, indicated by vertical lines
Figs. 3~a! and 3~b!. Their influence on the diffraction patter
is certainly more important in the case of the data recorde
higher x-ray energy in Fig. 3~b!. The reason is the stron
suppression of the PbSe scattering at 2490 eV by a facto
400 with respect to 12 300 eV. Additionally, the high abso
tion at low x-ray energies leads to a significant weakening
the substrate reflection, being covered by 2.6mm of mate-
rial. This is a considerable advantage for quantitative d
analysis.

TABLE I. Growth parameters of the investigated multilaye
The thicknesses of the epilayers as deposited in the MBE pro
are given in angstrom. In addition, the number of bilayers and
Te contentx in PbSe12xTex are given.

Sample M1420 M1553 M1555

T (°C) 380 230 260
dEuSe ~Å! 36 45 45
dPbSe12x

Tex ~Å! 64 440 288
Number of periods 30 100 100
x 0 0 0.1
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For the measurements on the multilayer presented in F
3~a! and 3~b!, the strain for both materials in the multilaye
can be obtained via a direct method. In the case of a per
multilayer with well-defined thicknesses of the single laye
the width of the envelope of the satellite reflections carr
the information about the thickness of a single bilayer.
position supplies, as explained in the following, the distan
of the ~111! lattice planes. This distance is also referred to
the ~111! d spacing. In the kinematic description of th
multilayer diffraction given in detail in the Appendix, th
specular reflectivity amplitude is expressed by the summ
tion over all multilayer periodsN ~i.e., the total number of
bilayers!

A~q!5(
l 51

N

eiql (MEuSed111EuSe
1MPbSed111PbSe

)@FT$bilayer%#.

~1!

With MEuSeas the number of atomic monolayers andd111EuSe

as thed spacing of the EuSe~111! planes,MEuSed111EuSe
cor-

.
ss
e

FIG. 3. ~a! Radial scan across a multilayer of 30364 Å PbSe/
36 Å EuSe~sample M1420! with an x-ray energy of 2490 eV. The
simulation~lower line plot! is shifted with respect to the experimen
for clarity. The dotted line represents Gaussian fit to the envelop
the satellite peaks.~b! Corresponding scan to~a! but at an x-ray
energy of 12 300 eV. Vertical lines in~a! and~b! mark the positions
of the Bragg peaks from the BaF2 substrate and the 2mm PbSe
buffer layer.~c! The plots of the fitted envelopes from~a! and~b! on
a linear scale for comparison.
7-3
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T. U. SCHÜLLI et al. PHYSICAL REVIEW B 69, 195307 ~2004!
responds to the thickness of the EuSe film and the equiva
description to the thickness of the PbSe film that form
bilayer. In Eq. ~1!, the sum in the first line describes th
geometrical factor giving rise to the satellite maxima. It c
responds to the grating interference function known fr
optics textbooks.14 The expression in brackets in the seco
line describes the Fourier transform of the bilayer and he
simply envelopes the interference function. If the number
bilayers is large, i.e., if the total thickness of the multilayer
large compared to the thickness of one bilayer, the width
the interference satellites is small compared to the width
the envelope. We can then directly use a fitting model o
single bilayer to describe the envelope of our recorded sa
lites in the data. These considerations can also be der
from the convolution theorem for Fourier transforms~see for
instance, Ref. 15!.

For 2490 eV, the scattering of EuSe at the~111! reflection
is 100 times larger than to that of PbSe, hence the enve
is considered to represent only the scattering from the E
layers. At 12 300 eV, the PbSe scattering intensity domina
over the EuSe by a factor of 2.5. As the thickness ratio of
layers of PbSe and EuSe is about 2.0, the scattered inte
at the ~111! reflection at 12 300 eV is roughly ten time
stronger from the PbSe than from the EuSe layers. Thus
scattering from the EuSe layers is strongly suppressed c
pared to the experiments for an energy of 2490 eV. Gaus
fits to the envelopes of the superlattice peaks are show
Fig. 3~c!. Their center position corresponds to the recipro
lattice parameter along growth direction of the layer w
stronger scattering intensity. The center lies at 1.74 Å21 for
2490 eV, and at 1.78 Å21 for 12 300 eV, corresponding to
EuSe~111! d spacing of 3.61 Å and a PbSe~111! d spacing
of 3.53 Å. The respective cubic lattice parameters alo
growth direction are 6.25 Å for EuSe, and 6.11 Å for PbS
For PbSe, the uncertainty of the lattice parameter is la
due to the disturbing influence of the reflections from su
strate and buffer, which still dominate the diffraction patte
in Fig. 3~b!. This effect is less perturbing for the other tw
samples with thicker multilayers, as absorption inside
multilayers weakens these contributions.

B. Imperfect multilayers

As mentioned before, the lattice mismatch between P
and EuSe leads to an epitaxial strain in multilayers. To
hance the influence of the PbSe lattice parameter on the
plane lattice parameter in a coherent EuSe/PbSe multilay
thickness ratio of the EuSe and PbSe layers of about 1
was chosen for samples M1553 and M1555. In this case
PbSe~111! reflection remains visible in the envelope of th
bilayer even at 2490 eV. Despite the fact that the scatte
of PbSe is about 100 times weaker than the EuSe scatte
the diffracted intensity at the~111! Bragg position of this
multilayer is expected to be of the same order of magnit
for both compounds. As it is proportional to the square of
number of coherent scatterers, the larger thickness of
PbSe layers compensates for their weak structure amplit
For the thinner EuSe layers we expect a much broader e
lope in reciprocal space, therefore both contributions can
19530
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easily identified correctly. In the case of a multilayer
1003440 Å PbSe/ 45 Å EuSe, the~111! reflections from the
underlying buffer and substrate will not be visible anymo
due to absorption in the multilayer. Another effect migh
however, disturb the data evaluation from such thick epit
ial structures. Instabilities in the material flux rates duri
the long growth procedure will lead to a drift in the thickne
of the single layers. The coherent growth of the crystal latt
remains unaffected by this deviation, but the varying bilay
thickness throughout the multilayer leads to a varying ph
shift of the bilayers. In reciprocal space, this phase shift is
the order of an integer multiple of the reciprocal~111! d
spacings. It has therefore almost no effect on the sate
peaks that are located in the vicinity of Bragg positions. T
satellites that modulate the Bragg reflection will, howev
broaden or split more and more with increasing distan
from the Bragg position. The envelope of the superlatt
peaks will hence be deformed if only the satellite heights
considered, and the direct evaluation of the lattice param
via a fit to the envelope can no longer be applied. This eff
has already been described for a random variation of
multilayer period in the one dimensional paracrystal mo
of Hosemann.16 The variations for epitaxial structures ar
however, rather drifts in the growth conditions than rando
variations.

In a first fitting approach to such structures, it is therefo
helpful to convolute data and fitting model with a Gauss
of a width that automatically integrates over the splitte
broadened peaks. This procedure is hence equivalent to
ting the integrated peak intensities. The information tha
lost by this convolution is attributed to deviations in th
multilayer period. Due to the thickness ratio of the EuS
PbSe bilayers, the spacing of the satellite reflections is ab
ten times smaller than the width of the EuSe~111! reflection.
A convolution that washes out the splitting of the superlatt
satellites will therefore neither affect the width nor the po
tion of the EuSe envelope significantly. Figure 4~a! shows
the diffraction pattern of this superlattice recorded at 24
eV as a full black line. The Gaussian that was used to c
volute data and simulation had a width of 0.01 Å21 and is
plotted on the left side as a dashed line. To ensure that
convolution does not disturb the analysis of the lattice
rameter, the width of this Gaussian is narrower than the
pected one of the PbSe envelope of 2p/440 Å21

50.0143 Å21 and significantly narrower than that of EuS
with an expected width of 2p/45 Å2150.14 Å21. The con-
volution reproduces the envelope function expected fo
perfect multilayer. The EuSe lattice constant can be de
mined regardless of whether or not the fitting model d
scribes the thickness variations in the multilayer correc
The convoluted data are plotted in Fig. 4~a! as circles, to-
gether with the convoluted fit~full line!.

The resulting EuSe~111! d spacing is 3.60 Å correspond
ing to a cubic lattice parameter of 6.23 Å, for PbSe a latt
parameter in growth direction of 6.123 Å is obtained.
illustrate the resolution of this method, a simulation for
EuSe lattice parameter of 6.26 Å is plotted as well~dash-
dotted line!. The scattering pattern is already significan
different from the best fit. Figure 4~b! shows the simulation
7-4
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of the same multilayer diffraction pattern with the sam
strain situation as the best fit in~a!, but without taking into
account any deviations of the bilayer periodicity and witho
the convolution. It is clearly visible that the envelope in~b!
is different from that of the recorded raw data in~a!, but can
be recovered when the integrated intensity of the satellite
considered.

With the parameters for the strain state of the layers
rived by this method we can proceed with a more elabo
simulation to describe the diffraction spectra of the sam
and include imperfections to the multilayer periodicit
Choosing appropriate x-ray energies, we obtain complem
tary sensitivity to either the PbSe or the EuSe layers: T
spectra were recorded over a wide range across the~111!
reflection for 2490 eV~PbSe suppression! and 6975 eV
~EuSe suppression!. These scans are plotted in Figs. 5~a! and
5~b! ~lower plots in the graphs!. Their best fits are added an
shifted for clarity. Both scans were fitted with anab initio
description of the whole multilayer as a linear stack of
oms. This numerical procedure allows for an easy hand
of imperfections such as a drift in the layer thicknesses
interdiffusion. Monoatomic steps that are known to exist
the cleaved substrate and which reproduce in layer-by-la
growth7 are also taken into account. These steps can
treated as a roughness on a large lateral lengthscale an
come important if the lateral coherence length of the x-
beam on the surface exceeds the average distance bet
two steps. For the low x-ray energies used here, this is
case. Interdiffusion and roughness on a short lengthscale
not discriminated in the model and are taken into accoun

FIG. 4. ~a! Scan across the~111! reflection of a 1003440 Å
PbSe/ 45 Å EuSe multilayer~lower full black line! and its convo-
lution ~circles! with a Gaussian of 0.01 Å21 width ~dashed line!.
The best fit of the simulation convoluted with the same Gaussia
plotted as a full line. The dash-dotted line represents a deviatio
the EuSe lattice parameter by 0.5% of the best fit for comparis
~b! Simulation of the perfect multilayer without convolution.
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averaging the atomic scattering factors in the vicinity of t
interface. The monoatomic steps lead to phase shifts betw
large areas of the superlattice and hence lead to interfer
phenomena that decrease the intensity on the trunca
rod.17

The scans in Fig. 5 carry complementary information
the strain in both materials and lead to a refinement of
input parameters gained from the procedure presented in
4. The corresponding cubic lattice parameter for PbSe
growth direction is determined to be 6.115 Å, the value
EuSe remains unchanged at 6.23 Å. Taking into consid
ation the elastic properties of PbSe and EuSe, one can
culate the theoretical in-plane values for the lattice para
eters. This results in 6.132 Å for PbSe and 6.13 Å for Eu
which is in agreement with the expected pseudomorp
growth of the superlattice stack, if we use previously pu
lished elastic constants of the constituent materials.6,18

The uniaxial expansion or compression into growth dire
tion of the magnetic EuSe layers can be tuned by a chang
the lattice constant of the spacer layers. Assuming pseu
morphic growth in the plane, the latter represents a bound
condition that provokes as a response the strain in gro
direction. In the systems investigated here, the in-plane
tice constant is controlled by substitution of a part of the
by Te in the PbSe spacers. A multilayer of 10
3@288 Å PbSe0.9Te0.1/45 Å EuSe# was grown in order to
reduce the lattice mismatch between both materials to 0.
The complementary diffraction patterns were recorded

is
of
n.

FIG. 5. Scans across the~111! reflection of a 1003440 Å PbSe/
45 Å EuSe multilayer@lower line plots in~a! and~b!# at 2490 eV in
~a! and 6975 eV in~b!. The line plots shifted towards higher inten
sity represent the best-fit simulations.
7-5



e

fi
th

i
a

r-
ca
n

to
di
fin
-

5%
e

te
n

h
gt
on

blue
-
ec-
ph.
ites
he

ma-

of

-
si

he

e
tion

.
to

ll

was
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2475 eV (PbSe0.9Te0.1 suppression! and at 6975 eV~EuSe
suppression! and are plotted in Fig. 6. As for Fig. 5, th
best-fit simulations are added.

C. Determination of interdiffusion

An important parameter that can be extracted from the
in Fig. 5 is the interdiffusion at the interfaces. Recording
scattered x-ray intensity along the crystal truncation rod
known to be a tool for the investigation of roughness
surfaces and interfaces.17,19–21In our case, the strong scatte
ing contrast leads to a particular sensitivity for the chemi
composition. The numerical modeling of the diffractio
spectra was performed via averaging the atomic form fac
across the interface, as described in detail in the Appen
To compare the results for the interdiffusion decay, we de
the interdiffusion lengthm as the length over which the con
centration of one compound has changed from 25% to 7
The result of the best fit proves an extremely well-defin
interface with an interdiffusion decay lengthm of only 1.0 Å,
much less than the thickness of one PbSe~440 Å! or EuSe
~45 Å! layer. To demonstrate the sensitivity to this parame
simulations for two different interdiffusion lengths are show
in Fig. 7~a! together with the recorded data at 2490 eV. T
red line represents the best fit, with an interdiffusion len
of m51.0 Å, the blue line corresponds to an interdiffusi

FIG. 6. Scans across the~111! reflection of a 100
3288 Å PbSe0.9Te0.1/ 45 Å EuSe multilayer@full lines in ~a! and
~b!# at 2475 eV in~a! and 6975 eV in~b!. The dashed lines repre
sent the best fit simulations that are shifted towards higher inten
19530
ts
e
s
t

l

rs
x.
e

.
d

r,

e
h

length of m52.0 Å. The thin film Laue oscillations of the
envelope are clearly less pronounced in the case of the
plot, which underlines our very high sensitivity to interdiffu
sion. The EuSe concentration profile along the growth dir
tion for both simulations is shown as an inset in the gra
The value 1 describes a 100% occupancy of the Eu/Pb s
with Eu atoms, 0 an occupancy solely with Pb atoms. T
results of all fitting parameters for each sample are sum
rized in Table II.

A comparison with the simulations for an x-ray energy
8050 eV (CuKa radiation! in Fig. 7~b! demonstrates strik-

ty.

FIG. 7. Influence of interdiffusion on the modulation along t
truncation rod.~a! The scan recorded at 2490 eV across the~111!
reflection is plotted as a full line. The best-fit simulation~lower
dashed plot! corresponds to an interdiffusion length of 1.0 Å, th
uppermost dashed plot refers to 2.0 Å. The EuSe concentra
profiles for both simulations are shown in the inset~full line for
1.0 Å, dashed line for 2.0 Å!. ~b! Two simulations for the same
interdiffusion profiles as in~a! but for an x-ray energy of 8050 eV
The full line for an interdiffusion length of 1.0 Å, the dashed one
2.0 Å.

TABLE II. Results for the fitting procedures applied to a

samples.d111 refers to the crystalline~111! spacing, whereasd̄ de-
scribes the average epilayer thickness. Note that sample M1420
fitted with a simpler model than the other samples.

Sample M1420 M1553 M1555

d111(EuSe) 3.6160.02 3.6060.01 3.5860.01
d111(PbSe12xTex) 3.5360.01 3.53460.005 3.5560.005

d̄EuSe ~Å! 36 not fitted 4762 4662

d̄PbSe12xTex
~Å! 64 not fitted 42764 28664

m ~Å! ~not fitted! 1.060.3 1.260.3
7-6
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ingly the resolution advantages at 2490 eV. For the sa
interdiffusion profiles as in~a!, the two simulated diffraction
curves differ significantly less. Thus the low x-ray energy
essential to achieve a sufficiently high sensitivity for the h
interface quality of these structures.

V. SUMMARY

The anomalous x-ray diffraction from superstructure
flections was demonstrated to provide a unique tool for
investigation of epitaxially grown multilayers. The use
complementary wavelengths close to the absorption edge
the different constituent elements in the multilayers allo
for a precise determination of both the material spec
strain as well as the individual layer thicknesses. Furth
more, using low x-ray energies for the diffraction expe
ments results in a substantially increased sensitivity of
diffractograms for interdiffusion.
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APPENDIX: SCATTERING THEORY USED FOR
THE FITS

1. Specular kinematic diffraction from a multilayer

The scattered intensity distribution from multilayers h
been studied in great detail in the last decades.2 In this work,
we refer to kinematic scattering theory, i.e., we neglect
tinction of the x-ray wave by elastic scattering. This is jus
fied, as we look at superstructure reflections which have
extinction length larger than the absorption length de
mined by inelastic processes. We can therefore deduce
specular reflected amplitudeA as

A~q!5(
l 51

N

eiql (MEuSed111EuSe
1MPbSed111PbSe

)

3F (
mPbSe51

MPbSe

eiqmPbSed111PbSe~ f Pb1 f See
iq(1/2)d111PbSe!

1eiqMPbSed111PbSe (
mEuSe51

MEuSe

eiqmEuSed111EuSe

3~ f Eu1 f See
iq(1/2)d111EuSe!G , ~A1!

where the first sum runs over the whole multilayer and su
up the total number ofN bilayers. The phase factor in th
first line of Eq.~A1! refers to the position of the bilayerl in
real space. The sums in the following lines represent
atomic positions inside the PbSe film and the EuSe fi
respectively. For the case of a perfect multilayer system, a
19530
e
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c
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e

e
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e
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a-

lytical solutions can be derived for these finite sums. Ho
ever, the description in Eq.~A1! does not include absorptio
or any imperfection of the superlattice. One intention of th
experimental work is the precise determination and hence
simulation of imperfections in these multilayers. Their incl
sion in the calculation will favor the summation over all or
part of the atomic layers. Figure 8 gives an illustration on
summations and corresponding parameters. The inv
growth direction is referred to as thepositive zdirection in
real space.

2. Implementation of interdiffusion

Interdiffusion at the interfaces can be included in a sim
lation by averaging the atomic scattering factors of Eu a
Pb. In the interdiffusion region, the lattice parameter a
therefore the distance between the~111! planes has to be
adapted accordingly. A possibility to describe such a smo
step is the function

c~z!5~12e(2z/n)!t. ~A2!

z is the spatial coordinate along the interface normal,n andt
describe the decay. The atomic scattering factors repres
ing Pb or Eu on the Pb/Eu lattice sites are then averaged

f Eu/Pb5c fEu1~12c! f Pb. ~A3!

An equivalent expression refers to the lattice parameters.
advantage of the function~A2! is its flexibility to express an
asymmetrically smoothened step with only two paramete
In Eq. ~A1!, this can be taken into account via a variation
the z positions in the sums concerning the PbSe and E
layers. Thez positions for every atomic layer, which is de
fined by the phase factoreiqmPbSed111PbSe in Eq. ~A1!, can be
changed via a variation of the atomic distances through
one bilayer. Once the variation of the EuSe concentrat
throughout the bilayer is defined as sketched in the inse
Fig. 7, it can be used to calculate the average atomic sca
ing factor, as well as the~111! d spacing for every atomic
layer. Thez positions are then no longer defined by the m
tiplication of one value ofd(111) , but are just sums of thez
position of the predecessing atomic layer and the local~111!
d spacing. The latter is derived from the local compositio
This changes Eq.~A1! to

FIG. 8. Sketch of the real-space model of the superlattice
the summation indices, which run through the single films a
through the multilayer.
7-7
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A~q!5 (
k51

L

eiqlD bl (
m51

M

eiqz(m)~ f EuPb~m!1 f See
iq~1/2!d111(m)!

~A4!

where the indexm runs over a complete EuSe/PbSe bilay
Dbl describes the total thickness of one EuSe/PbSe bila
The implementation of absorption and instabilities in t
growth parameters for thick multilayers finally results in
ta
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19530
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A~q!5 (
k51

L

eiqlD bl(k) (
m51

M (k)

A0~k,m!eiqz(k,m)~ f EuPb~m!

1 f See
iq(1/2)d111(m)! ~A5!

whereA0(k,m) simulates the decay of the amplitude of th
x-ray wave field caused by absorption in the multilayer.
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