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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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. INTRODUCTION appse= 6.124 A andap,r~6.462 A, respectively. Changing
the ternary composition in EuSe/PhSg,Te, (x=0-0.4)
Strain and interdiffusion in multilayered semiconductor multilayers, a change of the EuSe in-plane lattice parameter
devices are crucial features for their functionality. The bandoy — 1.0 to +1.2% corresponding to a distortion in growth
structure as well as the two-dimensional confinement effectdirection betweenr-0.75% and-0.83% can be achieved for
are determined by these properties. In heteroepitaxial stru@erfect pseudomorphic growth. It is therefore of special in-
tures, x-ray diffraction is usually the tool of choice to deter-terest to selectively determine the strain in EuSe with a pre-
mine lattice parameters and hence strain. In the case of overision of 0.1% of the lattice parameter. Due to the similarity
lapping intensities from similar lattice parameters of two of the lattice parameters of the two epilayers and the usually
distinct materials, and especially, if interdiffusion betweenmuch larger thickness of the Phge,)Te, spacer layers to-
the materials can occur, the precise determination of theigether with Pb as the strongest x-ray scatterer, it is difficult
strain state and a discrimination between strain and compde extract detailed strain information about the EuSe layers
sition remains ambiguous to a certain extent. Indirect methfrom a conventional high-resolution diffraction pattern.
ods based on elaborate fitting of the diffraction patterns are In Sec. Il, the selective suppression of scattering from a
usually applied for the analysts? particular binary material is explained in detail. Section IlI
We present here a method based on anomalous diffraclescribes the anomalous diffraction experiments on EuSe/
tion, i.e., the tuning of x-ray energies close to absorptionPbSe multilayers. The results are discussed in Sec. IV. The
edges of the constituent elements of multilayers. The methodumerical simulation of scattering patterns is summarized in
can be employed for all compound materials with superstructhe Appendix.
ture reflections, such as the zincblende or the rock salt struc-
ture. Using two distinct x-ray energies, the scattering contri- Il. SUPPRESSION OF A BRAGG REFLECTION
bution from one material can be greatly reduced compared to
a second one, and vice versa. Fitting the scattering spectra Anomalous scattering can be employed to suppress super-
obtained at the two energies with a single set of parametergiructure reflections in compound crystal©ur model sys-
considerably enhances the sensitivity to strain, and allows foiem crystallizes in the rock salt structure. Here the scattering
a clear discrimination of strain and composition. As theamplitude from, e.g., thg11l) reflection in PbSe reads
analysis requires the tuning of x-ray energy, measuremenfs111y=4(fpp—fsd, and accordingly for the other binary
need to be performed at a synchrotron source. As a mode€lompounds. The atomic scattering factbgg, fg,, fge, and
system to demonstrate the method, we study lead and et are complex numbers composed of a momentum depen-
ropium chalcogenides for two reasons. First, Eu compounddent partf, and resonant correctiori$ andi X f” depending
exhibit magnetic properties which depend sensitively on laton x-ray energy:f(q,E)=fy(q)+f'(E)+if"(E). For cer-
tice strain®® Second, these compounds offer strong anomatain energies and momentum transfgrsthe scattering fac-
lous scattering, which allows for a clear presentation of thegors of two elements can become equal, and consequently,
method. the scattering amplitude of the corresponding compound
The combination of PbSe and EuSe in heterostructureganishes.
and multilayers promises a tuning of the magnetic and opti- The momentum dependencefgfcan be calculated for all
cal properties of EuS&Neutron-scattering experiments from elements according to the parametrization published in Ref.
bulk EuSe under high hydrostatic pressure have shown that@& f’ andf” are generally taken from international tabt&s!
change in the lattice parameter drastically influences th€lose to absorption edges, however, an experimental deter-
magnetic exchange interaction between the Eu foflke  mination of the scattering factors is necessary, as the exact
biaxial stress in pseudomorphic heteroepitaxial multilayerdocation of the edges as well as the variatiorf band f” in
has a similar effect.” EuSe has a cubic lattice parameter ofthe vicinity of absorption edges can deviate from the theo-
agyse=6.187 A, the lattice parameter of PbSe and PbTe areetical values. Additionally, such a measurement already in-
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FIG. 1. (a) Values off” for Pb in the vicinity of the PiM,, edge
as determined by fluorescence measurementsses compared to
values from different international tablédashed and full lines(b)
Evolution of f” for Pb in the same energy regime as(&.
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cludes the energy resolution of the experimental setup in the .
; ) " : FIG. 2. (d) Absolute values offpy| (full line), |fz | (dashed
determined values df’ andf” that are later used to simulate If1d (dotted, and| foJ (dash dotteriaccording to Ref. 12 and for a

the dlffractl(zn_ spectra. . momentum transfer off=1.75 A", corresponding approximately
. Usually " is measured by absorptlon._At low x-ray €Ne 15 the PbSe and EuS&11) Bragg reflections(b) Calculated(111)
gies and for, hec’;_lvy ?Iemems i Pt?' this would require a@ragg intensity from EuSéfull line), PbSe(dashed, and PbTe
extremely thin foil. It is therefore easier to measure the fluoggtteq in the vicinity of the Pb M edge. The diffracted intensities
rescence yield from a thin film as a proportional measure 0fs measured are added as for PKTd square$ and PbSeopen
absorption. For our calibration, a 100 nm thick PbSe filmgjrcleg.
was irradiated with x rays and the Pb fluorescence was re-
corded as a function of the incident x-ray energy across the
PbM, edge. With the tables given in Ref. 12, based on Refernary alloy PbSe_, Te, the intersection energy lies in be-
11, the values fof” were extrapolated up to 250 keV ahtl  tween. Forf, andfs., there exists no intersection point in
was calculated for Pb via the Kramers-Kronig relation. Theihe x-ray regime, however, a significant minimum in the in-
measured and calculated valuesf6fandf’ are plotted as  tensity of the EuS¢111) reflection occurs below the Ey,|-
crosses in Figs. (&) and 1b) as a function of energy. edge at 6977 eV.
In the case of the PM,, edge, we observed a significant
deviation of the edge energy from the tabulated values that IIl. EXPERIMENTS
are generally used. In the international tables based on Refs.
10 and 11, the PbM-edge value is given as 2484 eV, All diffraction experiments were carried out in specular
whereas we determined a value of 2502 eV. However, theeflectivity geometry, up to scattering angles of 140°. This
evolution of f” in the vicinity of the PbM,, edge in our high angular range was required in order to achieve the nec-
measurement coincides well with the values given in Ref. 12essary momentum transfers at x-ray energies as low as 2500
For comparison, the values according to Refs.(d@shed eV. We have recorded line scans alapgcross the specular
line) and 12(based on Ref. 11; full lineare added. The latter (111) Bragg reflection of EuSe/PbSe and EuSe/RpSgTe,
are in good agreement with our experimental results. multilayer superlattices grown i§111) direction by solid
The real parts of the complex atomic form factors of thesource molecular-beam epitax¢yMBE) onto Bak(111)
four concerned elements, as well as the calculated and mesingle-crystal substrates. Details about the MBE growth will
sured evolution of thé111) Bragg intensity from PbSe and be published elsewhelé The thicknesses of the superlattice
PbTe are plotted in Fig. 2 as a function of energy. AS(® layers, the number of bilayers as well as the Te comtent
electron$ is much heavier than S84 electronsand Te(52  the ternary layers of the three investigated samples are listed
electrong, it is not possible to achievie,=fgc0r fp,=fr.at  in Table I.
the K or L edges of Pb. Close to the Rb, edge around Since x-ray energies below 4 keV are required, where air
2500 eV, however, the resonance causes a decay of tlad almost any other material show strong x-ray absorption,
atomic form factor of Pb down to an intersection point with we used an in-vacuum diffractometer with windowless op-
the Te and even the Se form factor, resulting in a strongeration at the beamline IDO1 at the ESRF in Grenoble. To
suppression of the PbSe or Pb{EL] reflection at these perform diffraction experiments at x-ray energies around 2.5
intersection energies, as shown in detail in Fign)2For any  keV remains an experimental challenge but offers resolution
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TABLE |. Growth parameters of the investigated multilayers. 10 .

The thicknesses of the epilayers as deposited in the MBE process = 106r(a) ey e
are given in angstrom. In addition, the number of bilayers and the g 10° j M 1 e
Te contentx in PbSe_,Te, are given. £ 10k f \V LW Av

<
Sample M1420 M1553 M1555 z 102' J M WM W’f WM“ ﬂ ' ﬂ M\W/
T(°C) 380 230 260 é 181 WMJ ) M MMM j
deyse (A) 36 45 45 o Ny "vmmmM y
dppsg ,Tex (A) 64 440 288 0" _M o’ a00ev "
Number of periods 30 100 100 . 3 17 I3 5
X 0 0 0.1 102 : : ; ;

g 10" F ® )

g 10°F . N )

o 9l ’
benefits, since the coherence length of the x-rays scales with & 108 / ﬂ \\ /\ .
the wavelength. This is of particular importance in the case z 107, /\ il \\// | f |
of high-quality multilayers. For a sample with a total thick- g 106' 'L y. v /\ [\\ )\"
ness of about 0.&m, the whole multilayer stack can be 5 10% //X_/// ~ | \\/\ g
coherently illuminated at 2490 eV, but not at e.g., 12 300 eV, 10/~ . L \ /\ 1
which is a typical energy usually exploited in diffraction. For 103 L T E=12300eV ) \“‘
both cases, radial scans aloggacross the speculdfll) 10 1.6 1.7 18 1.9
reflection were measured, which are plotted in Figa) @and 2z © ' ' . '
3(b), together with simulations. For clarity, the simulations g 2f S .
are shifted downwards with respect to the measurement. s ;

For all x-ray energies, the same collimation settings were &1 ,'I 1
used, leading to a similar photon flux. The perfection of 2 . L
growth is visible only at 2490 eV in Fig.(8). In this case, all é 0 16 17 15 "1'9
(N—2)=28 side maxima of the interference function of the R= ) ) q. A" ) ’

30 bilayers are visible, proving a coherent growth of the
crystal lattice throughout the complete multilayer. In the FIG. 3. (a) Radial scan across a multilayer of:364 A PbSe/
measurement at 12 300 eV, the oscillations are smeared o@s A EuSe(sample M142pwith an x-ray energy of 2490 eV. The
hence the data do not allow for an equally detailed analysisimulation(lower line ploj is shifted with respect to the experiment
for clarity. The dotted line represents Gaussian fit to the envelope of
the satellite peaksb) Corresponding scan t() but at an x-ray
energy of 12 300 eV. Vertical lines i@ and(b) mark the positions
of the Bragg peaks from the Basubstrate and the z2m PbSe
buffer layer.(c) The plots of the fitted envelopes fro@ and(b) on

For a heteroepitaxial EuSe/Ph$e,Te, multilayer, it s a linear scale for comparison.
possible to choose two complementary energies, pronounc-
ing either the EuSe or the Ph$e,,Te, scattering, and sup-

pressing the other component, as shown for sample M1428 For the measurements on the multilayer presented in Figs.
in Fig. 3, together with simulations. All simulations are per- (2) and 3b), the strain for both materials in the multilayer

formed for perfect growth and take o account the enerayf i 2 St AR B o CE TR 8GR L R
dependent anomalous dispersion. They are convoluted wi$ Y g Yers,

IV. DISCUSSION

A. Perfect multilayers

the resolution function of the experiment, which depends o e width of the envelope of the satellite reflections carries
the wavelength, the collimation conditions and the incidenthe _|_nf0rmat|o_n about the _thlck_ness of a s!ngle bllayer. Its
and exit angles of the x-ray beam. To the left and to the righposmon supplies, as explained in the following, the distance
of the highest multilayer satellite peak, tHl1) Bragg peaks of the (111 lattice planes. This distance is also referred to as

_ : the (111) d spacing. In the kinematic description of the
of the Bah substratezﬁBan 6.200 A) and the 2.3:m thick multilayer diffraction given in detail in the Appendix, the

PbSe buffer layer are visible, indicated by vertical lines ingnecylar reflectivity amplitude is expressed by the summa-
Figs. 3a) and 3b). Their influence on the diffraction pattem jon over all multilayer period$\ (i.e., the total number of
is certainly more important in the case of the data recorded éﬂilayers

higher x-ray energy in Fig. (®). The reason is the strong
suppression of the PbSe scattering at 2490 eV by a factor of _
400 with respect to 12 300 eV. Additionally, the high absorp- ~ A(Q)= >, €'d'Meussiii,o " Meoséiin, ) FT{bilayes].
tion at low x-ray energies leads to a significant weakening of =t (1)
the substrate reflection, being covered by 216 of mate-

rial. This is a considerable advantage for quantitative datdVith Mgyseas the number of atomic monolayers ahd,_
analysis. as thed spacing of the EuS€111) planesMg,sdi1_  COr-

N
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responds to the thickness of the EuSe film and the equivalemtasily identified correctly. In the case of a multilayer of
description to the thickness of the PbSe film that form the1l00x 440 A PbSe/ 45 A EuSe, th&11) reflections from the
bilayer. In Eq.(1), the sum in the first line describes the underlying buffer and substrate will not be visible anymore
geometrical factor giving rise to the satellite maxima. It cor-due to absorption in the multilayer. Another effect might,
responds to the grating interference function known fromhowever, disturb the data evaluation from such thick epitax-
optics textbooks? The expression in brackets in the secondia| structures. Instabilities in the material flux rates during
Iipe describes the Fou_rier transform of t_he bilayer and hencg,e long growth procedure will lead to a drift in the thickness
simply envelopes the interference function. If the number ofgf the single layers. The coherent growth of the crystal lattice
bilayers is large, i.e., if thg total thickness Qf the muItllayer ISremains unaffected by this deviation, but the varying bilayer
large compared to the thickness of one bilayer, the width ofnickness throughout the multilayer leads to a varying phase
the interference satellites is s_mall compare_d to the width o&pift of the bilayers. In reciprocal space, this phase shift is of
the envelope. We can then directly use a fitting model of 3ne order of an integer multiple of the reciprodalll) d
single bilayer to describe the envelope of our recorded satekpacings. It has therefore almost no effect on the satellite
lites in the data. _These con3|derat|or)s can also be derlv%ﬁaks that are located in the vicinity of Bragg positions. The
from the convolution theorem for Fourier transforfsse for  gatellites that modulate the Bragg reflection will, however,
instance, Ref. 16 ] _ broaden or split more and more with increasing distance
~ For 2490 eV, the scattering of EuSe at thé1) reflection  from the Bragg position. The envelope of the superlattice
is 100 times larger than to that of PbSe, hence the envelopgeaks will hence be deformed if only the satellite heights are
is considered to represent only the scattering from the EuSgynsidered, and the direct evaluation of the lattice parameter
layers. At 12 300 eV, the PbSe scattering intensity dominategia g3 fit to the envelope can no longer be applied. This effect
over the EuSe by a factor c_>f2.5.As the thickness rati(_) of th‘_'has already been described for a random variation of the
layers of PbSe and EuSe is about 2.0, the scattered intensifytilayer period in the one dimensional paracrystal model
at the (111) reflection at 12300 eV is roughly ten times of Hosemanrd® The variations for epitaxial structures are,

stronger from the PbSe than from the EuSe layers. Thus theowever, rather drifts in the growth conditions than random
scattering from the EuSe layers is strongly suppressed comyriations.

pared to the experiments for an energy of 2490 eV. Gaussian |, 4 first fitting approach to such structures, it is therefore
fits to the envelopes of the superlattice peaks are shown ife|pful to convolute data and fitting model with a Gaussian
Fig. 3(c). Their center position corresponds to the reciprocalyf 5 width that automatically integrates over the splitted/
lattice parameter along growth direction of the layer withprgadened peaks. This procedure is hence equivalent to fit-

stronger scattering intensity. The center lies at 1.74 fr  {ing the integrated peak intensities. The information that is
2490 eV, and at 1.78 A" for 12300 eV, corresponding to @ |ost by this convolution is attributed to deviations in the
EuSe(11)) d spacing of 3.61 A and a Pb%#11) d spacing  multilayer period. Due to the thickness ratio of the EuSe/
of 3.53 A. The respective cubic lattice parameters alongppse pilayers, the spacing of the satellite reflections is about
growth direction are 6.25 A for EuSe, and 6.11 A for PbSe ten times smaller than the width of the Eu@a1) reflection.
For PbSe, the uncertainty of the lattice parameter is largex convolution that washes out the splitting of the superlattice
due to the disturbing influence of the reflections from sub-gateliites will therefore neither affect the width nor the posi-
strate and buffer, which still dominate the diffraction patterntjgn of the EuSe envelope significantly. Figuréa)shows
in Fig. 3(b). This effect is less perturbing for the other two the giffraction pattern of this superlattice recorded at 2490
samples with thicker multilayers, as absorption inside theyy as a full black line. The Gaussian that was used to con-
multilayers weakens these contributions. volute data and simulation had a width of 0.01Aand is
plotted on the left side as a dashed line. To ensure that the
convolution does not disturb the analysis of the lattice pa-
rameter, the width of this Gaussian is narrower than the ex-
As mentioned before, the lattice mismatch between PbSpected one of the PbSe envelope ofr/240 A1
and EuSe leads to an epitaxial strain in multilayers. To en=0.0143 A"! and significantly narrower than that of EuSe
hance the influence of the PbSe lattice parameter on the iwith an expected width of 2/45 A~1=0.14 A"%. The con-
plane lattice parameter in a coherent EuSe/PbSe multilayer,\alution reproduces the envelope function expected for a
thickness ratio of the EuSe and PbSe layers of about 1:1perfect multilayer. The EuSe lattice constant can be deter-
was chosen for samples M1553 and M1555. In this case thmined regardless of whether or not the fitting model de-
PbSe(111) reflection remains visible in the envelope of the scribes the thickness variations in the multilayer correctly.
bilayer even at 2490 eV. Despite the fact that the scatterindhe convoluted data are plotted in Figapas circles, to-
of PbSe is about 100 times weaker than the EuSe scatteringether with the convoluted fifull line).
the diffracted intensity at th€111) Bragg position of this The resulting EuSé111) d spacing is 3.60 A correspond-
multilayer is expected to be of the same order of magnitudéng to a cubic lattice parameter of 6.23 A, for PbSe a lattice
for both compounds. As it is proportional to the square of theparameter in growth direction of 6.123 A is obtained. To
number of coherent scatterers, the larger thickness of thilustrate the resolution of this method, a simulation for a
PbSe layers compensates for their weak structure amplitud&uSe lattice parameter of 6.26 A is plotted as weksh-
For the thinner EuSe layers we expect a much broader envelotted ling. The scattering pattern is already significantly
lope in reciprocal space, therefore both contributions can bdifferent from the best fit. Figure(d) shows the simulation

B. Imperfect multilayers
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lution (circles with a Gaussian of 0.01 A width (dashed ling q, (A )

The best fit of the simulation convoluted with the same Gaussian is )

plotted as a full line. The dash-dotted line represents a deviation of FIG- 5. Scans across tl11) reflection of a 106440 A PbSe/

the EuSe lattice parameter by 0.5% of the best fit for comparisorf*> A EuSe multilayeflower line plots in(2) and(b)] at 2490 eV in

(b) Simulation of the perfect multilayer without convolution. (@) and 6975 eV inb). The line plots shifted towards higher inten-
sity represent the best-fit simulations.

of the same multilayer diffraction pattern with the same

strain situation as the best fit {i@), but without taking into  averaging the atomic scattering factors in the vicinity of the
account any deviations of the bilayer periodicity and withoutinterface. The monoatomic steps lead to phase shifts between
the convolution. Itis clearly visible that the envelope(l)  |arge areas of the superlattice and hence lead to interference

is different from that of the recorded raw data(@, butcan  nhenomena that decrease the intensity on the truncation

be recovered when the integrated intensity of the satellites iFod 17
considered. : - . .

. . The scans in Fig. 5 carry complementary information on
. With the_ parameters for the strain state of the layers de'Ehe strain in both materials and lead to a refinement of the
rived by this method we can proceed with a more elaborate

simulation to describe the diffraction spectra of the sampleInput parameters gained from the procedure presented in Fig.

and include imperfections to the multilayer periodicity. 4. The c'orre.spopdmg cuplc lattice parameter for PbSe in
Choosing appropriate x-ray energies, we obtain complemergrOWth dlregtlon is determined to be 6.115 A, Fhe value. for
tary sensitivity to either the PbSe or the EuSe layers: Twd-US€ remains unchanged at 6.23 A. Taking into consider-
spectra were recorded over a wide range acrossh# ation the elastic p_rope_rtles of PbSe and EuSe, one can cal-
reflection for 2490 eV(PbSe suppressiprand 6975 eV culate thg theoretl_cal in-plane values for the lattice param-
(EuSe SuppressiOnThese scans are p|otted in F|g$a)&nd eters. This results in 6.132 A for PbSe and 6.13 A for EuSe,
5(b) (lower plots in the graphsTheir best fits are added and Which is in agreement with the expected pseudomorphic
shifted for clarity. Both scans were fitted with ab initio  growth of the superlattice stack, if we use previously pub-
description of the whole multilayer as a linear stack of at-lished elastic constants of the constituent matefids.

oms. This numerical procedure allows for an easy handling The uniaxial expansion or compression into growth direc-
of imperfections such as a drift in the layer thicknesses antion of the magnetic EuSe layers can be tuned by a change of
interdiffusion. Monoatomic steps that are known to exist onthe lattice constant of the spacer layers. Assuming pseudo-
the cleaved substrate and which reproduce in layer-by-layenorphic growth in the plane, the latter represents a boundary
growth’ are also taken into account. These steps can beondition that provokes as a response the strain in growth
treated as a roughness on a large lateral lengthscale and lalrection. In the systems investigated here, the in-plane lat-
come important if the lateral coherence length of the x-raytice constant is controlled by substitution of a part of the Se
beam on the surface exceeds the average distance betwdgn Te in the PbSe spacers. A multilayer of 100
two steps. For the low x-ray energies used here, this is thex[288 A PbSggTe, /45 A EuSg was grown in order to
case. Interdiffusion and roughness on a short lengthscale areduce the lattice mismatch between both materials to 0.5%.
not discriminated in the model and are taken into account byfhe complementary diffraction patterns were recorded at
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1.5 1.6 1.7 1.8 1.9 2.0 truncation rod.(@) The scan recorded at 2490 eV across (thE)
q (Al) reflection is plotted as a full line. The best-fit simulatidpwer
z dashed plgtcorresponds to an interdiffusion length of 1.0 A, the
FIG. 6. Scans across thg11ll) reflecton of a 100 Uppermost dashed plot refers to 2.0 A. The EuSe concentration

x 288 A PbSggTe, / 45 A EuSe multilayeffull lines in (a) and

profiles for both simulations are shown in the inskil line for

(b)] at 2475 eV in(a) and 6975 eV inb). The dashed lines repre- 1.0 A, dashed line for 2.0 A (b) Two simulations for the same

sent the best fit simulations that are shifted towards higher intensitynterdiffusion profiles as irta) but for an x-ray energy of 8050 eV.
The full line for an interdiffusion length of 1.0 A, the dashed one to

2.0 A
2475 eV (PbSgyTe, 1 suppressionand at 6975 eMEuSe
suppressionand are plotted in Fig. 6. As for Fig. 5, the

N ) length of x=2.0 A. The thin film Laue oscillations of the
best-fit simulations are added.

envelope are clearly less pronounced in the case of the blue

plot, which underlines our very high sensitivity to interdiffu-

sion. The EuSe concentration profile along the growth direc-

tion for both simulations is shown as an inset in the graph.
An important parameter that can be extracted from the fitsrhe value 1 describes a 100% occupancy of the Eu/Pb sites

in Flg 5 is the interdiffusion at the interfaces. Recording the\/\”th Eu atoms, 0 an occupancy So|e|y with Pb atoms. The

scattered x-ray intensity along the crystal truncation rod isesults of all fitting parameters for each sample are summa-

known to be a tool for the investigation of roughness atyzed in Table II.

surfaces and interfacé!®~%'In our case, the strong scatter- A comparison with the simulations for an x-ray energy of

ing contrast leads to a particular sensitivity for the chemicaBps0 ev (Cuk , radiation in Fig. 7(b) demonstrates strik-

composition. The numerical modeling of the diffraction

spectra was performed via averaging the atomic form factors TABLE I1. Results for the fitting procedures applied to all

across the interface, as described in detail in the Appendixamplesd, ,, refers to the crystallinél11) spacing, whereas de-

To compare the results for the interdiffusion decay, we defingcripes the average epilayer thickness. Note that sample M1420 was

the interdiffusion |engtm as the |ength over which the con- fitted with a simpler model than the other samples.

centration of one compound has changed from 25% to 75%

C. Determination of interdiffusion

The result of the best fit proves an extremely well-definedsample M1420 M1553 M1555
interface with an interdiffusion decay lengthof only 1.0 A,

much less than the thickness of one P840 A) or EuSe  911(EuSe) 3.6£0.02  3.60-0.01  3.58-0.01
(45 A) layer. To demonstrate the sensitivity to this parameterdi1(PbSeTe) ~ 3.53:0.01  3.534:0.005 3.550.005
simulations for two different interdiffusion lengths are shown dguse (A) 36 not fitted 4r2 46x2

in Fig. 7(a) together with the recorded data at 2490 eV. TheEPbSGl_XTex R) 64 not fitted 42F 4 286+ 4
red line represents the best fit, with an interdiffusion length,, (&) (not fitted 1.0+0.3 1.2-0.3

of u=1.0 A, the blue line corresponds to an interdiffusion
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ingly the resolution advantages at 2490 eV. For the same !
interdiffusion profiles as irfa), the two simulated diffraction e
curves differ significantly less. Thus the low x-ray energy is 1 ¢ 5
essential to achieve a sufficiently high sensitivity for the high P Mpys,
interface quality of these structures. 2 i1

V. SUMMARY 3

. - zZ
The anomalous x-ray diffraction from superstructure re- . : v

flections was demonstrated to provide a unique tool for the * . :
investigation of epitaxially grown multilayers. The use of N i Mpys,

complementary wavelengths close to the absorption edges of

the different constituent elements in the multilayers allows, FIG. 8. Sketch d(')f the rehal-space ?Oddhofhthe _sui?erlfalttice andd
for a precise determination of both the material specific:he suawtr;:atlonlt!ln ices, which run through the single filims an
strain as well as the individual layer thicknesses. Further- rough the muitiiayer.

more, using low x-ray energies for the diffraction experi-
ments results in a substantially increased sensitivity of th
diffractograms for interdiffusion.

éytical solutions can be derived for these finite sums. How-
ever, the description in E4A1) does not include absorption

or any imperfection of the superlattice. One intention of this
experimental work is the precise determination and hence the
ACKNOWLEDGMENTS simulation of imperfections in these multilayers. Their inclu-
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2. Implementation of interdiffusion

APPENDIX: SCATTERING THEORY USED FOR Interdiffusion at the interfaces can be included in a simu-
THE FITS lation by averaging the atomic scattering factors of Eu and

Pb. In the interdiffusion region, the lattice parameter and

therefore the distance between ttlell) planes has to be

been studied in great detail in the last decadesthis work, step is the function

we refer to kinematic scattering theory, i.e., we neglect ex-
tinction of the x-ray wave by elastic scattering. This is justi- c(z)=(1—e"7M)7, (A2)
fied, as we look at superstructure reflections which have an
extinction length larger than the absorption length deterz is the spatial coordinate along the interface normaind

mined by inelastic processes. We can therefore deduce tiescribe the decay. The atomic scattering factors represent-
specular reflected amplitude as ing Pb or Eu on the Pb/Eu lattice sites are then averaged via

1. Specular kinematic diffraction from a multilayer

N fewp=Cfeyt (1—C)fpp. (A3)
A(g)= E elal(Meysdiia, ot Mpbsélian, o) eupy~ Cleut ( e

=1 An equivalent expression refers to the lattice parameters. The
advantage of the functiofA2) is its flexibility to express an

Mpps

% E ° EiIMPoselite( f o + f o 2 0(V2111,,0) asymmetrically smoothened step with only two parameters.
Mppse 1 In Eq. (Al), this can be taken into account via a variation of

Meus the z positions in the sums concerning the PbSe and EuSe
use .y . . .

i i layers. Thez positions for every atomic layer, which is de-
iaMppsdiiiy,q, iameysding g, ‘ . . '

te lphSmEuESe:l e RS s fined by the phase facta9mPbséiiss. in Eq. (A1), can be

changed via a variation of the atomic distances throughout
iq(1/2)d one bilayer. Once the variation of the EuSe concentration
X(feutfsg Weusd |, (A1) throughout the bilayer is defined as sketched in the inset of
Fig. 7, it can be used to calculate the average atomic scatter-
where the first sum runs over the whole multilayer and suméng factor, as well as th¢l1l) d spacing for every atomic
up the total number oN bilayers. The phase factor in the layer. Thez positions are then no longer defined by the mul-
first line of Eq.(A1) refers to the position of the bilayéin tiplication of one value ofl (1,5, but are just sums of the
real space. The sums in the following lines represent th@osition of the predecessing atomic layer and the 16th])
atomic positions inside the PbSe film and the EuSe filmd spacing. The latter is derived from the local composition.
respectively. For the case of a perfect multilayer system, anaFhis changes EqA1) to
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L M L M (k)
A(q)= >, €9Poi Y @M (g o m)+fgeldd/2dum) A(q) =2, €0 > Ag(k,m)el9zm(fe o m)
k=1 m=1 k=1 m=1
(A4) + f g £!a(1/2)d112(m)) (A5)

where the indexm runs over a complete EuSe/PbSe bilayer.

Dy, describes the total thickness of one EuSe/PbSe bilayer.

The implementation of absorption and instabilities in thewhereAgy(k,m) simulates the decay of the amplitude of the
growth parameters for thick multilayers finally results in ~ x-ray wave field caused by absorption in the multilayer.
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