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Abstract
The analysis of x-ray reflectivity data from artificial heterostructures usually relies on the homogeneity
of optical properties of the constituentmaterials. However, when the x-ray energy is tuned to the
absorption edge of a particular resonant site, this assumptionmay no longer be appropriate. For
samples realizing lattice planes with andwithout resonant sites, the corresponding regions containing
the sites at resonancewill have optical properties very different from regions without those sites. In
this situation,models assuming homogeneous optical properties throughout thematerial can fail to
describe the reflectivity adequately. Aswe showhere, resonant soft x-ray reflectivity is sensitive to
these variations, even though thewavelength is typically large as compared to the atomic distances
over which the optical properties vary.Wehave therefore developed a scheme for analyzing resonant
soft x-ray reflectivity data, which takes the atomic structure of amaterial into account by ‘slicing’ it
into atomic planes with characteristic optical properties. Using LaSrMnO4 as an example, we discuss
both the theoretical and experimental implications of this approach.Our analysis not only allows to
determine important structural information such as interface terminations and stacking of atomic
layers, but also enables to extract depth-resolved spectroscopic informationwith atomic resolution,
thus enhancing the capability of the technique to study emergent phenomena at surfaces and
interfaces.

1. Introduction

Specular x-ray reflectivity is one of thework horses for characterizing thinfilms andmultilayers. In simple
words, the reflectivity is given by interference of x-rays that are reflected at the different interfaces realized in
such an artificial heterostructure. Referring to the reflection of optical light, an interface can be defined as a
region in spacewhere there is a change of the refractive index n. Similarly, also in the x-ray range even a small
change in nwill introduce an interface, thus a traveling x-ray wavewill be reflected. This high interface sensitivity
is what allows to accurately determine structural properties of heterostructures such as layer thicknesses and
interface roughnesses bymeans of x-ray reflectivity.

Recently, with the advent of synchrotron radiation, the availability of photon sources with very high
brilliance and tunable energy has opened the frontiers for x-ray reflectivity techniques to study additional
properties apart from structure. Electronic properties, for instance, can be studied by tuning the x-ray photon
energies to an absorption edge. At these so-called resonant energies, the refractive index depends very strongly
on the valence shell properties of the resonant scattering centers and hence, the sensitivity to spatial variations of
the electronic properties is dramatically enhanced. This renders resonant x-ray reflectivity (RXR) an ideal tool to
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study electronic properties and phenomena at surfaces and buried interfaces in an element specific and non-
destructive way.

The development of RXRwas in particular triggered by the recent progressmade in the atomic scale
synthesis of transitionmetal oxide (TMO) heterostructures. TMOs provide perhaps one of the richest and
fruitfulfields in condensedmatter research in terms of electronic properties and emerging novel physics [1–4].
Examples of these exotic phenomena are, among others, the formation of a two-dimensional electron gas at the
polar/non-polar interfaces of LaAlO3/SrTiO3 [5] or the proximity effects and orbital reconstruction in
superconductor/ferromagnet (SC/FM) interfaces [6–8]. All these properties are closely related to the transition
metal (TM) d3 and oxygen p2 electrons and their interactionwith the crystal lattice.

RXR experiments have therefore in particular been performed at the TM L2,3 edges, where the d3 electrons
of the TMare directly probed. In this way, important information has been obtained e.g. about the spatial
electron density redistribution of theNi d3 electrons in LaNiO3/LaAlO3multilayers [9] or theCo valence
reconstruction at a LaCoO3 polar film surface [10].Moreover, employing the x-raymagnetic circular dichroism
effect, themagnetization profile of SC/FM interfaces [11], exchange bias systems [12, 13] and othermultilayers
[14–17] have been studied.

The analysis and interpretation of reflectivity is commonly done using the Parratt’s [18] or thematrix
formalisms [19], assuming homogeneous optical properties throughout the constituentmaterials of a
heterostructure. Although, this ‘slab’ approach has shown to be very successful in describing off-resonant
reflectivities, it is not clear if it still holds under resonance conditions. This is particularly critical in single
crystalline, epitaxial TMO-films and heterostructures, whose atomic structures typically realizewell defined
lattice planes containing the resonant scatterer. At resonance, these atomic planes will interact very differently
with the photon beam than the non-resonant regions of thematerial, which immediately raises the question in
how far this situation can still be described using a single n, i.e., by assuming an optically homogeneousmaterial.
These effects are particularly important when studying any sort of electronic reconstruction at surfaces and
interfaces with RXR, since they are, in fact, expected to occur on atomic length scales as well.

In this report, we investigate in detail the effects in RXR,which are caused by the rapid variations of the x-ray
optical properties, which are caused by a periodic arrangement of the resonating lattice planes along the growth
axis. Using a single thin film of LaSrMnO4 as a practical example, we derive analytical expressions for the
reflectivity based on the Parratt’s formalism inwhich the presence of lattice planeswith andwithout resonant
scattering centers is explicitly taken into account.Wefind that variations of n at interatomic distances can have
significant effects on the RXR, even in the soft x-ray range, where thewavelength of the photons is usually
considered large as compared to interatomic distances. Indeed, the sensitivity of RXR to the atomic structure of a
material can provide information about a heterostructure like interface terminations and stacking sequences,
which significantly extends the capabilities of RXR.We show that from this approach, spectral information
about buried interfaces can be extracted and attributed to one or several specific atomic layers.

2. Slab versus atomic slices: theory

When calculating the reflectivity, the crystal structure of the film and how it is simplified has important
consequences for the calculated intensities, especially at resonant conditions. Before we start discussing these
effects in detail, we first demonstrate how significant these effects can be using themodel calculations presented
infigure 1.Herewe show the theoretical reflectivities for a 8 unit cells (u.c.) thick LaSrMnO4 (LSMO)film
grownon aNdGaO3 (NGO) substrate using three different assumptions for the film structure.

In thefirstmodel, whichwill be referred to as ‘slab’ fromnowon, the conventional approach to reflectivity is
applied, i.e., the LSMOfilm and theNGO substrate are described as slabswith homogeneous optical/electronic
properties given by its refractive index ωn ( )j (see figure 1(a)). In the second type ofmodel, called ‘atomic slices’
in the following, additional information from the crystal structure is included. As shown infigure 1(b), the
MnO2 (MO) and LaSrO2 (LSO) atomic layers of LSMOare represented by considering them as thin slices with
corresponding refractive indices ωn ( )MO and ωn ( )LSO and thicknesses of 1.8617Å and 4.5868Å, respectively.
The thicknesses of these slices were determined using the fractional atompositions in the u.c. [20] and the value
of the experimental lattice parameter c=12.897Å of thefilm obtained fromx-ray diffraction [21]. Aswewill
describe below, the reflectivity ismuchmore sensitive to different stacking sequences than to the absolute value
of the chosen slice thickness. At energies close to theMn L edges, the refractive index ωn ( )j for all the layers in
the slab aswell as in the atomic slices approachwere determined using experimentalMn scattering factors f′ and
f″ determined fromx-ray absorption spectra as described in themethods section (see section 3). Also, the
average LSMOdensity and the totalfilm thickness (8 u.c.) is the same for eachmodel calculation. TheNGO is
again described as homogeneous slab. For the atomic slices description, we further consider two different LSO
andMOstacking sequences (see figures 1(c) and (d)) and compare themwith the slabmodel infigure 1(a). For
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the sake of simplicity and in order to focus on the differences between themodels discussed here, roughness will
not be considered in the following description. Insteadwe focus on idealized systemswith perfectly sharp
interfaces. The realistic casewith finite interface roughness will be discussed in the analysis of ourmeasurement
data in section 4.2.

The calculated reflectivities using these threemodels are shown infigure 1(e). As one can see, at photon
energies away from theMnL-edge, (see curve at 600 eV infigure 1(e)), the reflectivities are similar to one
another especially at small qz values. In strong contrast to the off-resonant region, the calculated reflectivities at
resonance differ a lot depending on themodel used. Furthermore, the atomic slices calculations for the different
stackings are distinctly different as well (green and blue curves), showing that RXR is able to discriminate
between different atomic stacking sequences. All reflectivity differences between themodels becomemore
pronounced at larger qz values.

Atfirst sight the strong sensitivity of RXR in the soft x-ray range to the atomic structure of the film is
surprising, because thewavelength of soft x-rays is typically considered to be large compared to the atomic
structure. For this reason the atomic layers in perovskite films are usually not taken into account when analyzing
soft RXRdata [9, 11, 22]. In order to better understand the results presented infigure 1(e) and to discuss the
discrepancies observed for the abovementionedmodels, a closer look at the atomic slicemodel is required. In
thismodel we incorporate the atomic structure of thefilm into our analysis using thin homogeneous slices, as
illustrated infigure 2. In this approach, the lattice planeswith an area density η of discrete sites with form factor f
are approximated by thin homogeneous slices with thickness ∼d 2 Å, density ρ η= d and refractive index n.

The refractive index of the latter is given by the optical theorem as πρ= + ∑n r f k1 2i i i0
2 [23], where the

sum is taken over all distinct atoms in the lattice plane.Here r0 and k are the classical electron radius and the
x-ray vacuumwave vector, respectively.

For σ-polarized light with amomentum transfer vector = q qq (0, , )y z the amplitude reflectivity r from a

thin slice is in kinematical approximation given by

=
−
+

−( )( )r
q q

q q
q d1 exp i (1)z z s

z z s
z s

,

,
,

Figure 1.Comparison of calculated reflectivities for an LSMOfilmusing three different structuralmodels. (a)Homogeneous slab, (b)
the LSMOcrystal structure showing the different LSO andMOatomic slices. (c) And (d) LSMO filmmodeled as a bilayer structure for
the LSO/MOandMO/LSO stacking sequences, respectively.N refers to the number of bilayers, in this casewe have = =N 16 8 u.c.
The average density and the total thickness is the same in each case. Note that an inversion of the layer structure, i.e, LSO/MOorMO/
LSO, has a dramatic impact on the reflectivity. The refractive indices of the layers used for the calculationwere determined from the
experimental TEY spectra of a single layer LSMO (see section 3).
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= − ≈ − × − − × − +q n q q q n q q nq q q(1 ) (1 ) ... (2)z s y z z y z,
2 2 2 2 2 2 3 2

Here qz s, is the z component of themomentum transfer vector in the thin slice. At this point, wewill take only
linear orders of ( − n1 ) into account for the calculation of the reflectivity. This is justified because − ≪n(1 ) 1
so that higher order terms only become relevant in qz s, if ≪ ∣ ∣q qz . Sincewe focus here onRXR at large qz, i.e.,
geometries far away from grazing incidence, neglecting higher orders in − n(1 ) is justified. For a thin slice, we
will therefore write down r as

= − − −( )( ) ( )r
k

q
n q d q d

2
(1 ) exp i 2 exp i 2 . (3)

z
z z

2

2

The intensity reflectivity is given by ∣ ∣r 2. The two phase factors in the above expression correspond to the
interference of rays reflected from the top and bottom interface at ±d 2 of the thin slice. This interference term
has been introduced artificially by the present approximation and does not exist for a single lattice plane. It is
therefore important to show that this term can be neglected, i.e., to show that the dependency of r on d can be
neglected. To this end, we express r, using the above expression for n,

πη= − − + ( )
( )r
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r f
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q d
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, (4)
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which shows that the interference effects caused by the two interfaces at ±d 2 do not enter, as long as
≪q d( ) 24 1z

2 , which in turn holds as long as λ≪d 3. This is the case formost of the soft RXRmeasurements
where <q 0.5z Å−1, if <d 5Å. A very similar,more general result has been obtained in [24].

Corresponding to our example LSMO,we now consider amaterial with two different lattice planes separated
by d, which are described by two different thin slices A andB, respectively (seefigure 2(b)). The total amplitude
reflectivity rtot of thewhole system is the sumof the scattering from all the slices with the corresponding relative
phases. Using the leading order termof equation (4), one obtains for afilmwithN u.c.
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with Δ = Nd2 the thickness of the film, η η η= +f f f( ) 2A
A

B
B describing the average scattering strength of the

filmmaterial and δ η η η= −f f f( ) ( ) 2A
A

B
B representing the difference of the scattering strengths of A andB.

For ≪q d 1z this can be approximated by

Figure 2.Atomic slicemodel. (a)Description of atomic planes of a crystal as thin homogeneous slices withfinite thickness d. (b)
Material whose crystal structure consists of atomic planes of different composition A andB in the atomic slice representation.
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where the termproportional to ρf corresponds exactly towhat is obtained by describing the film as a single
homogeneous slabwithout internal structure.

But from equation (6) it is also clear that the latter description starts to fail as soon as δ ρf( ) is not small
compared to ρf and q dz increases. Indeed, in soft RXRusually one lattice plane is at resonance, while the others
are not, whichmeans that δ ρf( ) can become rather large. In addition to this, ≃q 0.5maxz

Å−1 at the TM L-edges
and d in TMOs is typically of the order of 2 Å, so that at largemomentum transfers q dz increases. The important
result of our analysis is that in the soft x-ray region, the atomic structure can affect the RXR signal. In other
words, the corresponding phase differences canmatter and, hence, thewavelength λ can not always be
considered infinitely large as compared to the lattice spacings. Note also that at a certain resonance δ ρf( ) can be
large, even for elements with similar atomic number. At resonance conditions it is in fact possible to have afinite
δ ρf( ) for the same element with different electronic configurations (e.g., valence or spin state) . According to the
above discussion the contributions to rtot, which originate from the internal atomic structure of the sample,
become significant at resonance and at largemomentum transfer. These two regions are exactly themost
important oneswhen soft RXR is used for characterizing electronic reconstruction phenomena at interfaces.

To asses the accuracy of the analysis of RXRdata in terms of a standard slabmodel, we generated data sets
consisting of reflectivities at energies close to theMn L2,3 edges for two layer stackingswith the same total layer
thicknesses of 7 u.c. (see figure 5(a)). Additionally, thefirst LSMOu.c. on top of theNGO substrate was assumed
to be reconstructed. Figure 3(a) shows the atomic slicemodel with the reconstruction for afilmwithNGO/ ×N
(LSO-MO) stacking. For this reconstructed layer, theMnwas set to have 50% nominal +Mn3 scattering factors
(red and blue lines infigure 3(b)), as obtained from experimental x-ray absorption spectroscopy (XAS) (see
section 3). The other 50%Mnwas assumed to be reconstructed. The scattering factors for the reconstructedMn
are shown infigure 3(b), where ω″f ( )was adopted to have aGaussian line shapewith an energy shift with
respect to the unreconstructed case. ω′f ( ) is then obtained from aKramers–Kronig relation. As can be observed
infigure 4 the reconstructed layer has a strong impact on the calculated reflectivities, illustrating the high
sensitivity of RXRon the atomic scale.

The calculated reflectivities were thenfittedwith a slabmodel. Thefitting parameters were: the overall
scaling factorM, the thicknesses of the reconstructed Δrec and LSMO ΔLSMO layers and the amount prec of
reconstructedMn at the interface. The results of the fits for the two different stacking orders are shown in
figures 5(b) and (c) and summarized in table 1. As seen in the table, the resulting thicknesses of the different
layers are close to the starting values within an error of∼1–2Å. Also, the information regarding the amount of
Mn reconstruction is quite close to the original value, however, the relative errors for the fitted values of 30%–

40%are quite significant.
Based on this analysis, twomain conclusions can be drawn. First,fitting RXRdata using the slab approach

can yield a fairly good description of the experiment. Notwithstanding, the use of the slabmodel introduces
errors, since it simplifies the realmaterial and its reflectivity by overlooking the contribution of the internal
structure of thefilm. This can have important consequences: as can be seen in table 1, thefit to stacking 1 yields a
reasonable χ 2 value, indicating a good fit. In contrast to this, the resulting χ 2 for thefit to stacking 2 is about 2.5

Figure 3.Electronic reconstruction of a 7 u.c. LaSrMnO4film. (a) Structuralmodel used for the simulation of the reconstruction. For
the first unit cell at thefilm/substrate interfaceMn (shown in red) has an electronic reconstructionwhere 50%ofMn is in the 3+ state
and the rest is reconstructed. (b)Mn scattering factors, red and blue show the real and imaginary part of +Mn3 and of the
reconstructedMn,whichwas constructed to have aGaussian shape. The real part is obtained from aKramers–Kronig relation.
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Figure 4.Reflectivity as a function of energy for two selected qz vectors showing the effect of reconstruction.

Figure 5.Calculated reflectivities from an LSMO film (7 u.c. thick) on anNGO substrate with an artificial electronic reconstruction at
the film/substrate interface. For the sake of simplicity, the system is assumed to be perfectly crystalline with sharp interfaces. The
calculated reflectivities in (a) correspond toNGO/14·[MnO2-LaSrO2] (stacking 1) andNGO/14·[LaSrO2-MnO2] (stacking 2). (b)
And (c) show thefitting of the calculated reflectivities using a slab approach for stacking 1 and 2, respectively. For stacking 1, the slab
approach yields a fairly good description of the reflectivity at low qz. For stacking 2, the reflectivity lineshape can not be described very
well with a slab approach. The totalfitted dataset consisted of 10 reflectivities at constant energy and 10 reflectivities at constant qz, for
each polarization. For clarity only few reflectivities are shown.

Table 1.Results of thefits of the calculated reflectivities for two different
bilayer stacking of LSMOusing the slab approach.

Parameters Start values Fit to stacking 1 Fit to stacking 2

M 1 0.81 1.24

ΔLSMO(Å) 77.38 79.76 75.18

Δrec(Å) 12.897 11.53 13.83

prec(Å) 0.5 0.45 ± 0.13 0.54 ± 0.22

χ 2 — 0.59 1.40
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times larger than that of stacking 1, implying dubious fit results and parameters. The reflectivity curves,
calculated in the atomic slices approach for stacking 2, therefore cannot be describedwell by a slabmodel, which
neglects the internal structure of thematerial. Second, by taking into account information about the lattice
structure and setting up a corresponding atomic slicemodel enables to retrieve important information, such as
the stacking sequence, which is lost when the slab approach is implemented. Therefore, amore accurate
description of the experiment is obtainedwhen utilizing the atomic slicesmodel. In the following part of the
paperwewill describe experimental RXRdatameasured on a single LSMO thin film using both, the newly
introduced atomic slicemethod and the classical slabmodel. This part is structured as follows: first we describe
the experimental techniques used for growing and characterizing the sample. Then, we compare and discuss the
implications of the two analysis approaches to reflectivity in terms of the accuracy of themodel and the obtained
structural and spectroscopic information.

3.Methods

A (001) oriented LaSrMnO4 (LSMO) filmwas grown epitaxially on a (110) orientedNdGaO3 substrate by the
pulsed laser deposition technique. Details on the sample preparation and characterization can be found
elsewhere [21].

XAS and resonant x-ray reflectometry experiments have been performed at the 10ID-2 (REIXS) beamline of
theCanadian Light Source (Saskatoon, Canada) [25], using linearly σ- and π-polarized light. TheXAS
measurements were carried out in the total electron yield (TEY)mode at two different scattering geometries and
incoming beampolarizations in order to extract absorption spectra corresponding to the directions in-plane
and out-of-plane, i.e., ∥E c and ⊥E c of the LSMO, respectively. The absorptionwasmeasured at theOK,Mn
L2,3 and La M4,5 absorption edges. The RXR experiments were carried out at energies around theMn L2,3 and La
M4,5 absorption edges. The reflected intensities were collected in the fixed energy (fixE) and the fixed qz (fixQ)
modes. ThefixE consist of qz-scans (θ θ− 2 ) carried out at afixed photon energy, whereas the fixQ refers to
energy scans at a fixed vacuum scattering vector qz. The selected qz vectors correspond tomaxima andminima of
the thickness oscillations taken from the fixE reflectivity curvemeasured at 641 eV.Determination of the
imaginary part of theMn scattering tensor and the scalar atomic scattering factors for La, Nd, Ga, Sr andOwas
done as described in thework byMacke et al [22]. This is, the parallel and perpendicular components of the
absorption spectra obtained from theXASmeasurements were scaled to non-resonant tabulated values [26].
TheX-ray absorptionwasmeasured in between theMn L2,3 edge and the La M4,5 edge to avoid any influence of
near-edge oscillations on the scaling. The real part is then obtained by performing aKramers–Kronig
transformation. Since all experiments were performed at room temperature, i.e, well above theNéel
temperature (in bulk =T K127N [27]), there is no long-rangemagnetic ordering of theMn-moments. In this
case, the scatteringmatrix can be assumed to be diagonal [28]. From the atomic scattering factors we could
calculate the dielectric tensor ϵ and the refractive index ω δ ω β ω= − +n ( ) 1 ( ) i ( )of thefilm as shown in
figure 6. The specular reflectivity was calculatedwith the Parratt’s [18] andmatrix [19] formalisms using the
ReMagX suite [22].

X-ray photoelectron spectra (XPS)were recorded using PHIVersaProbe 5000 spectrometer with
monochromatic Al αK ( νh =1486.6 eV) radiation at pass energy of 23.5 eV. In order to characterize the chemical

Figure 6.Theoptical constants δ,βofLSMOat theMn 2 3L , edge.Determinationwas done asdescribed in theworkbyMacke et al [22].
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composition of thefilm surface, spectrawere collected as a function of the take off angle between the surface of
the sample and the axis of photoelectron detector. Binding energies of the spectra were calibratedwith an
adventitious carbonC 1s emission line at 284.8 eV. TheXPS spectra were analyzed usingXPSPEAK4.1 software
after background subtraction by the Tougaardmethod. The shape of the characteristic peaks in all spectrawas
considered symmetric with a combination of 30%Lorentzian–Gaussian profile.

4. Experimental results and discussion

In order to determine a realisticmodel for the studied heterostructure, we characterized the film surface
experimentally usingXPS and determined a realistic parametrization for the LSMO/NGO interface.

4.1. Surface characterization anddescription of substrate/film interface
The existence of a SrO layer on the sample surface is revealed by the XPS data shown infigures 7(a) and (b),
where the take off angle dependence for Sr-3d photoemission lines is presented. As it can be seen, Sr-3d shows
two sets of doublet peaks shifted by∼1.1 eV in binding energy indicating two different Sr–Obonds. Peak II
shown in blue has been attributed to SrO and peak I (yellow) originates fromSr–Obond in the LSMOstructure
[29]. Since the peak II contribution to the spectrummeasured at 20° is larger in comparisonwith the one
measured at 45°, and considering that XPSmeasurements at small angles aremore surface sensitive, it can be
concluded that SrO segregates at the surface. Such a SrO segregation layer is commonly found on the surface of
manganites [30–34].We therefore included a SrO surface layer into themodel for the reflectivity.

In addition to this segregation layer, a surface adsorption layer on top of the SrOwas considered based on the
fact that the sample has been exposed to air and contaminants such as watermolecules, carbon etc, can be
adsorbed on the sample surface. As a simplification, we consider only the scattering fromoxygen in the
adsorption layer.

Furthermore, it is known from the growth of Ruddlesden–Popper compounds on a substrate that if the c-
axis of the thin film is larger than that of the substrate, the substrate terraces will lead to antiphase boundaries in
thefilm [35, 36]. Such a scenario is depicted infigure 8. From thefigure it can be seen that it is relatively easy to
heal antiphase boundaries in LSMOby inserting related compounds like LaMnO3 and La1.5 Sr1.5Mn2O7 into the
stack. Once the LSMO thickness of the film increases some domains become dominating and finally themajority
LSMOdomain grows epitaxially. The presence of aminority phase containing single atomic layers of LaSrO2 in
this systemwas also demonstrated bymeans of x-ray diffraction. [21] Tomodel such an interface, a transition
layer was includedwith a refractive index thatwas considered to be a linear combination of that ofNGOand
LSMO. For this layer we have defined = − +n p n p n(1 ) · ·int NGO LSMO, where the factor pwas fitted during
the analysis of the reflectivities.

Figure 7.Angle-resolved XPS spectra of Sr-3d for LaSrMnO4 thinfilm deposited onNGO (1 1 0) substratemeasured at the angle of (a)
20°and (b) 45°.
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4.2. Fit of the reflectivity data
Themodel used for the analysis of the experimental reflectivities consists of an LSMO thin film on anNGO
substrate with anNGO/LSMO transition layer, a top SrO segregation layer, which itself is covered by a
contamination layer (see section 4.1).figure 10 shows representative experimental reflectivities (red) together
withfits (blue) corresponding to the slab (figure 10(a)) and atomic slices approach (figures 10(b) and (c)). The
fit results are summarized in table 2. During the fitting procedure, all themeasured reflectivities at both σ and π
polarizationwere fitted simultaneously in order to get a self-consistent result. Thefitting parameters were the
overall scaling factorM, the background intensity as a fraction of the total beam intensity, interface positions z j0,

of all layers, the adsorbate density ρO at the contamination layer and the ‘intermixing’ parameter p of the
interface layer (see section 4.1). For the slab approach, all the layer thicknesses were fit parameters and aNevot&
Croce roughness approximation [37]was used at all interfaces.

In case of the the atomic slices approach, theNevot andCroce roughness approximation can no longer be
applied. Insteadwe use a new approach that allows for a smooth transition between differentmaterials, preserves
crystallinity and converges toNevot&Croce roughness in the limit of high roughness.This approach is sketched
infigure 9. Lets assumewe have an interface of two layeredmaterials.Material L consists of two layers with
compositionA andBwhereasmaterial S consists of layers with compositionC. The transition from100%L into

100%S is parametrized using an envelope error function ∫σ σ π ζ σ ζ= = −
−∞

f z z( ) erf( , ) ( 2 ) exp( 2 )d
z 2 2 .

Here σ defines thewidth of the transition, i.e., the roughness.We nowdefine the relative abundance ofmaterial S
in a certain position z through the interface as

σ= − −( )S z z d1 erf ( ) , , (7)0 av

where z is an integer atomic slice number. In our approach the interface location is given by z0, where the relative
abundance ofmaterial L and S is 50%, respectively. dav is the average atomic thickness betweenmaterial L and S
.Correspondingly, the relative abundance of L is defined as = −L S1 . Note that this parametrization allows us
to choose a given film termination at any interface by fixing the z0 value. To illustrated the interface definition, let
us consider the LSMO/SrO interface as an example. The SrO is segmented into slices with density

Figure 8.Antiphase boundaries of the LSMO structurewhen growing on anNGO substrate. Once a given thickness is reached, the
film grows epitaxially.

Table 2. Fit results of experimental reflectivity datawith different structuralmodels. Note that amodel that neglects atomic slices com-
pletely is still better than amodel withwrong stacking. The given errors were taken from the fit covariancematrix.

Parameters Slab Atomic slices Atomic slices

stacking 1 stacking 2

M 2.16 ± 0.05 2.08± 0.05 1.759± 0.032

Δtrans(Å) 8.51 ± 0.13 9.10± 0.25 9.90± 0.21

ΔLSMO(Å) 97.92± 0.24 94.64± 0.24 97.50 ± 0.10

ΔSrO(Å) 6.48 ± 0.11 7.67± 0.17 7.29± 0.27

ΔO(Å) 9.46 ± 0.14 11.09± 0.27 11.83 ± 0.34

ρO(g cm
−3) 1.142 ± 0.025 1.040± 0.024 1.071± 0.021

σ(Å) 1.47 ± 0.12 2.11± 0.08 2.36± 0.14

p 0.427 ± 0.013 0.548± 0.013 0.359± 0.013

Background/10−7 3.12 ± 0.13 2.93± 0.13 2.65± 0.11

z0 (LSMO/SrO) — 2.81± 0.05 1.7 (fixed)

χ 2 0.35 0.33 0.59
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ρ = −5.01 g cmSrO
3 and thickness =d 2.31SrO Å.The relative abundance of SrO (S) at a certain position through

the interface is calculated using equation (7). This allows us to determine the abundance of LSMO (L).
Once L and S are determined one can then calculate newdensities and thicknesses, i.e., optical constants, for

the layers at the interface by summing the contributions of the SrO and LSMO layers as follows

ρ ρ ρ= × ∈ =− z L z z( ) if 3 , else ( ) 0 (8)Mn Mn,MnO Layer Mn2

= × + × ∈ d z L d S d z( ) if 3 . (9)MnO SrO2

The definitions for the other atomdensities and atom slice thicknesses are set up in the sameway.During the
fitting procedure, the interface positions z j0, for all interfaces j can then befitted thus yielding the interface
termination. Correspondingly, the film thickness is determined from the relative distance between z j0, of the top
and bottom interfaces.

Like theNevot andCroce roughness approximation, thismethod should only be applied if the roughness is
much smaller than the film thickness, i.e., in the case of sharp andwell-defined interfaces.We found that this
requirement is fulfilled for our system. In order to obtain stablefit results, we had to assume the same roughness
σ for all interfaces. Although this obviously needs not to be fulfilled in the real heterostructure, the
correspondingmodelfits well to the experimental results (see below), indicating that the roughnesses of the
different interfaces in the realmaterial are indeed similar.

Figure 11 shows the resulting χ 2 for different terminations (z0) of the LSMOat the LSMO/SrO interface. As
shown in the figure, the lowest χ 2 is obtainedwhen the LSMOat the interface with SrO is terminatedwith an
MnO2 atomic layer. In comparison, the highest χ 2, i.e., the poorestfit to the data, is obtainedwhen the
termination is a LaSrO2 double layer. The resulting fits for these two extreme cases are shown in figures 10(b)
and (c), respectively and listed in table 2. This analysis allows to conclude that the bestfit to the experiment is
given by the case inwhich the LSMO film isMnO2 terminated. Regarding the interface with the substrate,
although theNGO/LSMO termination is less sharp there are twomain conclusions we get from the fit results.
First, the thickness of the transition layer is∼9–10Å (see table 2), implying that the regionwhere antiphase
boundaries appear is less than one LSMOu.c. in length. This, together with the obtained small roughness value
(∼2 Å), shows that theNGO/LSMO-interface is very sharp. Second, the fits yield that the first layer that grows
with few antiphase boundaries on theNGO is a single LSO layer. This is better seen in the elementary density
profiles infigure 10(e). The lines showing the interface between the transition/LSMOand LSMO/SrO layers
corresponds to the z0 value of the error function at that interface.

Comparing the resulting fits using both slab and atomic slices (figures 10(a) and (d) and (b) and (e),
respectively) it is not obviouswhich yields the best description of the data. From a qualitative point of view, both
models reproducemost of the features. Also their fit errors χ 2 are similar as shown in table 2. Still, thefit using
atomic layers has important information that is completely lost when the slab approach is used. This is the
stacking sequence of the LSO andMObilayers. Such information is very important not only for understanding
thefilm growth but also in order to explain physical phenomena, which are determined by terminations, such as
the effects at the LAO/STO interface. This can only be retrieved by describing the film in terms atomic layers that
form the crystal structure.

Figure 9.Parametrization of a generic interface according to equation (8). Rough interfaces of layered compounds can bemodeled
with the two continuous parameters roughness σ and termination point z0.
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The power of this approach is better seen by comparing the fits using the atomic slices approachwith two
different stacking sequence of the bilayers, i.e., figures 10(b) and (c). Their χ 2 values differ considerably, thus
showing that only stacking 1 yields a proper description of the experiment. So far, ourmodel assumes a single

Figure 10. Selected resonant x-ray reflectivitiesmeasured close to theMn L2,3 edges. (a) Shows thefit result based on the slab
approach, (b) shows afit result based on an atomic slices approachwith the lowest χ 2 stacking, whereas (c) shows afit result where the
LSMO/SrO terminationwasfixed to be at the LaSrO2 layer. (d), (e), And (f) show the elementary density profile throughout thefilm
thickness for the correspondingmodels. The lines showing the interface between the transition/LSMOand LSMO/SrO layers
corresponds to the z0 value of the error function equation (7) at that interface.

Figure 11. Fit error χ 2 for different LSMO terminations z0 at the LSMO/SrO interface. The lowest χ 2 is obtained for aMnO2

terminated film.
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Mn species. However, as discussed above, our analysis already shows that there is a transition layer between the
NGO-substrate and the LSMO-film aswell as a SrO-layer at the top of the LSMO-film. TheMn-sites in these
regions are therefore located in a different chemical environment than the ones inside thefilm. The properties of
theMnvalence shell can hence be expected to be different in these different regions of the heterostructure. In
addition to this, also symmetries are broken at interfaces and polar structures like LSMOmay exhibit a so-called
electronic reconstruction.

To obtain depth-resolved spectroscopic information about theMn in the various layers, we followed a
Kramers–Kronig constrained variational fit approach that was outlined in great detail by Kuzmenko [38] and
subsequently applied to the case of RXR [39]. In this approach, local changes of the complex dielectric function ϵ
aremodeled in the imaginary part by amesh of triangular functionswith tunable height. The real part of ϵ can
then be easily determined by adding the known real parts of thefitted triangular functions. Choosing every
second data point in energy as amesh, wewere able to simultaneouslyfit the in-plane (ϵ ϵ=xx yy) and out-of-
plane (ϵzz) component of the dielectric function employing aGauss–Newton typefit algorithm. The computing
time needed for thefitting is short and convergence typically occurredwithin a fewminutes on amodern
desktop computer.

We searched for changes in the dielectric function at the top andbottomof the LSMO layer, aswell as in the
transition layer. In each case, the stoichiometric parameterswhichwe already introduced infigure 10 and the
dielectric function in-plane andout-of-planewerefitted simultaneously.We achieved the strongest improvement
of thefit resultwhen the variationalfit approachwas applied to the topof the LSMOfilmandwhen the changes of
thedielectric constantwere restricted to the topmostMnO2 layer.More specifically, the χ 2-value decreased from
0.33 to 0.22, showing the good agreement betweenmodel and experiment. The result for theMn L2,3 spectrumof
the topmostMnO2 layer is shown infigure 12. As can be observed in thefigure, the lineshape of the topmost
MnO2-layer is different from the corresponding layer in thefilmbulk, thus implying a change in electronic
properties ofMn.This can havemultiple reasons. A reductionof theMnvalency from +Mn3 to δ+ −Mn (3 ) for
instancemay occur as it has been reported for similar systems [40]. In addition, changes of chemical environment
and local breaking of the symmetry are also common factors that induce changes in spectral lineshapes.A detailed
analysis of theobtained lineshapes requires a detailed theoretical analysis, at least in termsof localmultiplets
models [41], which is beyond the scope of the present study andwill be addressed in futurework.The important
result here is that our approach indeed yields depth-resolvedMn L2,3 spectrawith atomic layer resolution.

Figure 13 shows all the experimental reflectivities for both polarizations, together with the fit obtainedwith
thisfinalmodel. Although there are some deviations, the overall agreement is very good.Quite remarkable is
that the polarization dependence is nicely captured.

5. Summary

Wehave shown that the atomic structure of amaterial can influence soft x-ray RXRprofiles and hence can be
very important for the analysis of RXRdata. A new approach for analyzing RXR in the soft x-ray range, which

Figure 12.TheKramers–Kronig constrained variationalfit of the topmostMnO2 layer reveals an electronic reconstruction at this
interface. The spectral shape changes are caused by a local chemical environment that is different from thefilm bulk. Comparisonwith
[42] indicates that the increasedweight at the L3 edgemight be explained by a reduction of theMn valency. The reflectivity for thisfit is
shown infigure 13. The variational fit reduced χ 2 to 0.22, which is an improvement of 32%over the best purely stoichiometricmodel.
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takes into account the atomic structure of amaterial, has been developed and applied to the RXR-analysis of an
LaSrMnO4 film. The presentedmodeling in terms of atomic slices not only provides an improved description of
the experimental data. It also enables to extract important additional information like layer termination and
stacking sequence of the atomic planes of the film. Furthermore, it allows for a reliable extraction of spectral
information about a specific layer of atoms inside a thinfilm. This additional information is essential for the
understanding of novel electronic phenomena generated at the interfaces and, hence, renders RXR an evenmore
powerful experimental tool to investigate artificial heterostructures and devices.

Figure 13. Finalfit result for themeasured σ-polarized (top) and π-polarized (bottom) reflectivities, which includes the variationalfit
result of the topmostMnO2 layer. Energy dependent scanswere scaled to allow a good comparison.
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