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Valence-state reflectometry of complex oxide heterointerfaces

Jorge E Hamann-Borrero'?, Sebastian Macke??, Woo Seok Choi*®, Ronny Sutarto®, Feizhou He®, Abdullah Radi*’, llya Elfimov?,
Robert J Green*®, Maurits W Haverkort®, Volodymyr B Zabolotnyy®, Ho Nyung Lee*, George A Sawatzky? and Vladimir Hinkov*°

Emergent phenomena in transition-metal-oxide heterostructures such as interface superconductivity and magnetism have been
attributed to electronic reconstruction, which, however, is difficult to detect and characterise. Here we overcome the associated
difficulties to simultaneously address the electronic degrees of freedom and distinguish interface from bulk effects by
implementing a novel approach to resonant X-ray reflectivity (RXR). Our RXR study of the chemical and valance profiles along the
polar (001) direction of a LaCoO; film on NdGaOj; reveals a pronounced valence-state reconstruction from Co>* in the bulk to Co*"
at the surface, with an areal density close to 0.5 Co®* ions per unit cell. An identical film capped with polar (001) LaAlO; maintains
the Co®* valence over its entire thickness. We interpret this as evidence for electronic reconstruction in the uncapped film, involving
the transfer of 0.5e™ per unit cell to the subsurface CoO, layer at its LaO-terminated polar surface.
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INTRODUCTION

Heterostructures comprising transition-metal oxides (TMOs) exhi-
bit a particularly rich variety of phenomena, including, for
instance, superconductivity at interfaces of non-superconducting
copper oxides,' the coexistence of superconductivity and
ferromagnetism®® or orbital reconstruction.* This is largely due
to their structural, electronic and magnetic degrees of freedom,
tuned by heteroepitaxial exposure and strain> A prominent
example is the formation of a two-dimensional electron gas at the
(001) interface between the two band insulators SrTiO3 (STO) and
LaAlO; (LAO).° Various ideas have been put forward to explain
this>'? many of them related to the fact that ionic and
heteropolar films of certain orientations consist of charged planes:
this would lead to a sizeable potential along the film normal (polar
catastrophe), unless its polar interfaces carry opposite compensat-
ing charge.

This charge can be provided by various reconstruction
mechanisms,®”'°7'* among them structural distortion effects
and interface stoichiometry changes. A different possibility is
electronic reconstruction, the pure transfer of charge between the
opposite polar interfaces.>”'* It was originally suggested for the
polar (111) surfaces of KsCgo (ref. 14) and later on for the (001)
interface between the non-polar SrTiO3 and the polar LaTiO5 (ref. 7
) or LaMnOQ;.'® Apart from its conceptual appeal, electronic
reconstruction might also form the basis for other interface effects
such as superconductivity in LAO/STO (refs 2,3) and YBa,CuzOg/
STO," or ferromagnetism in LaMnO5/STO and thin LaCoO; films."®

Recent research has focused on the LAO/STO system, in which
the conjectured electronic reconstruction would entail the transfer
of 0.5e~ per two-dimensional unit cell (u.c.) from the LAO surface
to the interface, where it would lead to a Ti valence reduction and
to the observed two-dimensional electron gas in the intrinsically
non-polar STO. LAO/STO and related TMO systems have been

extensively studied both theoretically’”'® and by various experi-

mental techniques,'® % yielding an accordingly large body of
data, which has provided valuable insight into the physics of polar
TMO interfaces.>38911121524°26 However, different sample pre-
paration and treatment>®#924°2% often result in different oxygen
stoichiometries.®?”% |n addition, the variety of the used
techniques, probes distinct physical quantities with different
depth resolutions. Therefore, the reported LAO/STO interfacial
electron concentrations vary widely and often deviate by orders of
magnitude  from  values  consistent  with  electronic
reconstruction.®%27-3¢

Therefore, the origin of the two-dimensional electron gas in
LAO/STO remains highly debated, and microscopic evidence is
required, which supports the whole concept of electronic
reconstruction in polar TMO films in general. Here we present
such evidence, which we have collected in a judiciously chosen
sample system devoid of several of the complications encoun-
tered in LAO/STO, namely LaCoOs (LCO) on a polar substrate, and
by using resonant X-ray reflectivity (RXR), an experimental
technique with sub-nanometre resolution and interface sensitivity.

RESULTS
Choice of the experimental technique

Various experimental techniques are being routinely used to
explore the electronic properties of TMO heterostructures and
interfaces, among them transport and Hall measurements, X-ray
absorption (XAS),'®3! hard X-ray photoemission spectroscopy,
resonant inelastic X-ray scattering,”? standing-wave excited PES*
or electron energy loss spectroscopy in scanning transmission-
electron geometry.?' These techniques exhibit different depth
resolutions, mostly lacking interface sensitivity, and they probe
different quantities such as the total charge density versus the
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Figure 1. Schematic composition of the samples and scattering
geometry. Both samples consist of LaCoOs films, about 40 u.c. thick,
grown by pulsed laser epitaxy on NdO-terminated (001)-NdGaOs;,
with or without an additional LAO capping. All three materials are
polar along the growth direction. We have chosen the z axis of the
coordinate system to point along the surface normal. (a) In the first
sample, the polar-non-polar interface is vacuum/LCO. (b) In the
second sample, the LCO surface is covered by two u.c. of LAO, and
the polar-non-polar interface is shifted away from LCO to the LAO

surface. (c) Specular scattering geometry with the transferred
scattering wave vector q=(0, 0, g,) perpendicularly to the surface.

mobile charge density; this contributes to the uncertainty
regarding the interfacial properties.

RXR*34738 is an element- and interface-specific technique, which
can provide evidence for electronic reconstruction by directly
probing the valence band electrons and the valence profile of the
transition metal across the interface. It is non-destructive and does
not alter the oxygen stoichiometry. Its full potential has not been
exploited thus far due to difficulties in extracting real-space
information from measured complex interference patterns.
To overcome these difficulties we have developed a novel
approach to RXR to determine valence depth profiles, which is
described in later sections.

Sample system

There are several experimental complications associated with the
vacuum/LAO/STO system: first, there is typically some degree of
cation intermixing at the interface. Second, it contains two polar-
non-polar (P/NP) interfaces. Finally, the polar LAO comprises
elements with a rather stable, single valence, making electronic
reconstruction within the LAO film itself prohibitivelzy expensive.
Therefore, we have chosen to study a LaCoO; film**™** on NdGaO;
(NGO) substrate. Both LCO and NGO are polar, and the NdO
termination of NGO*® implies a LaO termination of the LCO film.
Co is multivalent, and in LCO it is octahedrally coordinated with a
nominal oxidation of 3+. Our analysis below shows that
reconstruction phenomena are confined to the film surface and
the LCO//NGO interface remains unaltered, which simplifies the
interpretation. Moreover, we were able to switch off the P/NP
character of the vacuum/LCO interface in a controlled way by
depositing a protective LAO layer on top: this moves the P/NP
interface to the LAO surface and provides us with a second sample
containing a reference polar-polar interface (Figure 1). The LCO
system is not free from complications itself, which are associated
with spin-state degrees of freedom, and which others'®%%#'4* and
we>* have studied extensively. However, these do not interfere
with the valence-state study we present here.

The two samples—LCO//NGO and LAO/LCO//NGO—were
grown using pulsed laser epitaxy and characterised as described
in the Materials and Methods section. The total film thickness is
about 15 nm, including the 2 u.c. LAO capping in the LAO/LCO
sample.

Obtaining the optical constants from XAS

XAS and RXR measurements were performed at 300K with
o-polarised light, using the four-circle ultra-high vacuum diffract-
ometer at the REIXS 10ID-2 beamline of the Canadian Light Source
in Saskatoon, Canada (see Materials and Methods and ref. 45). The
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Figure 2. XAS spectra in the vicinity of the Co L3 and L, absorption

edges. Data for the uncapped sample are shown in black, and for
the LAO-capped sample in red. (a) Spectra measured in TEY mode,
scaled with respect to each other as described in the Materials and
Methods section. The blue curve shows the difference spectrum,
which we attribute to Co®*. The inset shows an enlargement around
776 eV, the energy at which Co?* shows a characteristic prepeak. (b)
Spectra measured in total-fluorescence vyield (TFY) mode. (c)
Comparison between our measured difference spectrum from (a),
shown in blue, and results for Co* from ref. 46, shown in green.

XAS data of the two samples around the Co Ls and L, absorption
edges, measured in total electron yield (TEY) mode, which has a
shallow probing depth of a few nanometres, are compared in
Figure 2a. The spectrum of the capped sample, XAS,,, represents
stoichiometric LaCo>"05 (high-spin- to low-spin-state ratio ~1/2,
see refs 39,44). The contribution from Co?*, which is observed in
non-stoichiometric films, and which would result in a shoulder
around 777.5 eV and a prepeak around 776 eV, is negligible. In
contrast, the spectrum of the uncapped sample, XAS ncap, Clearly
shows non-Co>* contributions with features indicative of Co**. The
fact that a capping of 2 u.c. is sufficient to suppress them, suggests
that this Co with non-3+valence is localised near the surface. A
further indication for that comes from a comparison with XAS
measured in the bulk-averaging fluorescence yield mode in
Figure 2b: here the spectra of the capped and uncapped films are
nearly indistinguishable and very much resemble the Co**
spectrum shown in Figure 2a.

In order to assess the precise nature of the non-Co®*
contribution, we have subtracted the LAO/LCO//NGO spectrum
from the LCO//NGO spectrum, scaling the spectra with respect to
each other as described in the Materials and Methods section. In
Figure 2c, we compare the difference spectrum XASg with
published experimental data of Co®" in octahedral coordination.*®
The agreement is excellent, strongly supporting the hypothesis of
a structurally intact LCO surface containing Co**.

RXR measurements and fits

In order to substantiate our findings we will next precisely
determine the distribution of Co®* by analysing RXR data, which
were measured at and around the relevant absorption edges and
which are shown in Figure 3. The novel analysis scheme we have
developed to determine valence-state profiles is based on our
approach in ref. 38, and is described in the Materials and Methods
section.

Here the properties to scrutinise are the surfacial and interfacial
roughnesses, and the Co®" concentration in a surface layer of
variable thickness. Therefore, the initial layer sequence is (O,
organic  contamination)/LaAlO;/LaCo®"03/NdGaO;  for  the
LAO/LCO//NGO sample and (O, organic contamination)/
LaCo?* ,Co3*05/LaCo>*05/NdGa0; for the LCO//NGO sample
(Figure 4). We have included the first layer to account for oxygen
adsorption to the surface®” and inevitable contaminations due to
air exposure of the sample before the measurement.®

Published in partnership with Nanjing University



Valence-state reflectometry
JE Hamann-Borrero et al

Reflectivity (arb. units)

a T T T T b T T T T T T d T T T T T T
Ex ° = _
o : \/\/s \[w m \/EE
\ qﬂ:}0.0ZZ} } } } 1q21=10'02414 : : :
772 eV - q ,=0.060 q ,,=0.086 = = q ,5=0.061 q ,4=0.0907
776.2 6V S S I S
_e' + T + + + + E 'E + T T + + +
777.5eV| s; q,5=0.222 q ,;5=0.239 & \E q ,5=0.239 q ,5=0.261
’ s s
3 e = 8 — —
' J\Z\Oji :qzszo.zm : //\%jig, m
7933 eV ‘ . ‘:0 452 770 780 790 800 770 780 790 800 770 780 790 800
834.86V “ Energy (eV) Energy (eV) Energy (eV)
Exp — Exp —
Fit —— ) Fit —

770 780 790 800
Energy (eV)

02 03 04 05 06
q, (A

0 01

Figure 3.

RXR data and fits. Data measured in the constant-energy and constant-g, modes (black symbols) are shown, alon

0 0.1
q,(A7)

with the best

obtained fits (red lines), based on the profiles shown in Figure 4. Data points at low g, were corrected for geometry effects®® (see also the
Materials and Methods section). (a) Constant-energy scans for the uncapped sample. (b) Constant-g, scans for the uncapped sample. (c)
Constant-energy scans for the capped sample. (d) Constant-q, scans for the capped sample. The constant-energy data are shown on
a logarithmic scale, the constant-g, on a linear scale. For clarity, the scans have been shifted along the y axis with respect to each other in
(@ and ). The constant-g, scans in (b and d) were measured at the g,; positions marked with blue numbers i in (a and c).
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Figure 4. Element and valence depth concentration profiles. (a)
Profiles of the uncapped sample. (b) Profiles of the capped sample.
The region at the surface of the samples marked in lighter red is
likely to contain further light elements such as carbon, in addition to
oxygen. All results were obtained by the fitting procedure explained
in the main text.

Details about how the implementation of the fitting procedure
influences the quality of the fits are discussed in ref. 38 and
references therein. In particular, the initial choice of a suitable
layer sequence, and therefore of a reasonable number of
parameters is crucial. If there are too many parameters, the
convergence in a finite time is not guaranteed, and the fitting
procedure might get trapped in local minima. For this reason, the
substrate and the bulk of the films have been kept stoichiometric,
a restriction that was not enforced at the surface to be able to
track the individual cation profiles in detail. Also, all the elements
have been allowed to converge towards individual roughnesses at
the interfaces.

Starting with the initial layer sequence, we apply the fitting
procedure described in the Materials and Methods and in ref. 38.

Published in partnership with Nanjing University

For both samples, we use constant-energy 6 — 20 scans measured
up to g,values of at least 0.58 A~ " and at various energies around
the La and Co edges (Figure 3a,c), as well as constant-g, scans
(Figure 3b,d) at the marked g,-positions. Panels a and b also
contain the final fits for the LAO/LCO//NGO sample, while panels ¢
and d contain those for the LCO//NGO sample. The corresponding
final elemental and valence depth profiles are shown in Figure 4.

We will now elaborate on important details of the fit. An
important property of the LAO/LCO//NGO RXR data, which our fit
correctly reproduces, is the absence of Co®"-related structures
around 777.5 eV at any wave number g,. This confirms that there
is no Co®" in this sample in appreciable amounts. In contrast, the
RXR data of the uncapped LCO//NGO sample exhibit prominent
features around 777.5 eV at high g,, a qualitative indication of a
Co** accumulation localised in depth. Indeed, the quantitative fit
reveals a narrow Co>* distribution at the film surface with a full
width at half maximum of 86 A (~2 u.c), concomitant with a
decline in Co*" concentration (Figure 4a). Importantly, the total
amount of Co®*, if it was confined to one monolayer, would
correspond to an areal density of 0.55+0.15 ions per u.c,, close to
half coverage.

The fits demonstrate that both samples exhibit a sharp
substrate-film interface and thus grow with very good quality
(Figure 3). Our analysis also suggests that the La profile extends
about half a u.c. further than the Co profile, which is consistent
with a predominant LaO termination and is expected from the
NdO termination of the substrate. This, and the fact that we
achieve our fits using Co** and Co®' spectra typical for bulk
cobaltates, strongly indicate that both samples maintain their
crystallinity up to the LCO surface, and are not subject to chemical
decomposition.

We have confirmed the quality and robustness of our fits in
several ways. First, the successful determination of chemical and
valence-state profiles crucially depends on how different the
optical constants of the involved species are. From Figure 2 it is
clear that Co®" and Co®" have distinctly different resonant
absorption edges. Co** can be particularly well identified by the
prepeak at 777.5 eV, and we have exploited this to distinguish the
profiles of the two Co valences. The fact that the signatures of
Co** are stronger at the Kiessig fringe minima (Figure 3b, right
column) than at the maxima (left column), and that the fits at the

npj Quantum Materials (2016) 16013



Valence-state reflectometry
JE Hamann-Borrero et al

a0 1_05
Mo2 1 !

L0 #
AlCz -1
La0 +1
CaQ: -1
La0 +1
CoQz -1
La0 +1

LCO

La0 +1
Ca02 -1
La0 +1
CoQz -1
NdO +1
Ga0z -1
NdO +1
Ga0z 1
NdO +1

NGO |

Figure 5. Crystal structures and schematic charge and valence
profiles for both samples. (a) Uncapped sample with the electro-
nically reconstructed surface following from our analysis. (b) Sample
capped with LAO. The reconstruction of the LAO surface is not
known and beyond the scope of this work. A charge of —0.5e
proximate to the surface follows from the reconstruction.

maxima are superior to those at the minima fully support our
conclusion, namely that Co?* is limited to the surface: the maxima
reflect the superposition of surface and interface signal, and are
therefore dominated by Co*. The minima, on the other hand,
reflect the difference between surface (Co®* and Co®*') and
substrate interface signal (Co®* only), and are therefore particu-
larly sensitive to Co®*. In addition, the minima are much sharper
than the maxima and thus more prone to even small deviations in
the elemental profiles.

Second, altering the Co** concentration from the 0.55 ions per
u.c. quickly deteriorates the fit quality (x) and distorts the
signatures of Co?* both at minima and maxima. We use this
sensitivity to estimate an error bar of 0.15 ions per u.c, which
indicates the range of Co®* concentrations within which the x* of
the fit deviates by < 15% from the best fit. Also, it is qualitatively
observed that for concentrations outside this range the Co®*
features in the RXR simulations strongly under- or overestimate
the corresponding features in the measured RXR data. This also
demonstrates that the total Co?* concentration, which charac-
terises the electronic system, is a sensitive fitting parameter, as can
be also expected on theoretical grounds (cf. references in ref. 38).

Third, further simulations showed that there is no accumulation
of Co®* near the LCO//NGO interface in either of the two samples.
This indicates that LCO and NGO are of comparable polarity and
the interface is not involved in the reconstruction.

Finally, we have tried to use Co optical constants based on XAS
data from the LCO//NGO sample only, without subtracting the
LAO/LCO//NGO spectrum. Fitting the Co profile in LCO//NGO
reflectivity data with these optical constants did not result in a
satisfactory fit, confirming that the film does not consist of a
homogeneous mixture of Co?* and Co>*.

DISCUSSION

How can we interpret the valence-state reconstruction we observe
in LCO? Electrostatic considerations dictate that a polar sample of
the given thickness must reconstruct in some manner.*”'®> The
following facts and findings we have established in the previous
section are important when addressing the associated mechan-
ism: first, the chemical integrity of the sample surface; second, the
NdO termination of the substrate, which implies an LaO
termination of the film; and third, the fact that the amount
of charge necessary to induce the observed Co®* is close to
—0.5e u.c.

The reconstruction scenario, applied to the LCO surface, is
outlined in Figures 5 and 6. Beginning from the surface, the
atomic layer sequence is LaO/Co0,/La0/Co0,/..., which nominally
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Figure 6. Reconstruction scheme at different stages during the
epitaxial sample growth. (a) The reconstructed substrate surface and
backside carry effective charges of —e/2 and e/2 per u.c,
respectively. (b,c) With each newly deposited film monolayer, the
negative charge travels to the sample surface, whereas the charge at
the substrate back remains unchanged.

corresponds to a charge concentration sequence of +e/—e/+e/
—e/.. per u.c. over the sample thickness, including the entire
substrate (Figure 5). The compensation of the associated internal
potential occurs successively during epitaxial growth: the NdO-
terminated, polar substrate has undergone a reconstruction by an
unidentified mechanism, resulting in effective charges of —e/2
and e/2 per u.c. at its surface and backside, respectively
(Figure 6a). Upon successively depositing LCO monolayers, the
surface reconstruction heals and the effective negative charge is
established at the new film surface (Figure 6b,c), thereby keeping
the internal potential in the now thicker sample compensated.

La and O have a rather stable single valence and do not exhibit
bands near the chemical potential, whereas calculations, for
instance within the framework of LDA+U, have established that
the first electron affinity state is within a Co d-band.*® Therefore, it
is energetically favourable to leave the potential uncompensated
over the topmost half u.c. and accommodate the compensating
charge in the buried CoO, layer, leading to the reconstructed
surface configuration LaO (+1)/CoO, (=1.5). This changes the Co
valence to 2.5+, which we spectroscopically observe as a super-
position of Co** and Co?* (Figure 2). This electronic reconstruction
scenario involving the subsurface layer is very different from the
scenarios discussed for LAO/STO and related materials.

We will next consider different reconstruction scenarios. On the
one hand, whereas chemical reconstruction or the surface
deposition of anions such as OH™ could hypothetically prevent
the polar catastrophe, these mechanisms do not involve the
creation of Co®>*. On the other hand, the deposition of
electropositive elements, e.g., in an additional LaO layer, or the
creation of oxygen vacancies could explain the presence of Co**,
but would not prevent the polar catastrophe—therefore, the
energy costs associated with such disruptions are not justified.
These arguments, the close proximity of the observed Co**
concentration to 0.5 per u.c. and the fact that it is energetically
favourable to change the Co valence in a purely electronical way*®
leave electronic reconstruction as the explanation by far most
consistent with our data.

Importantly, based on XAS alone only very qualitative informa-
tion can be obtained about the elemental and valence depth
distribution by taking advantage of the different probing depth of
the TEY and fluorescence yield mode extraction (see above). Our
investigations indicate that even bulk properties should be better
studied by RXR: surface reconstructions, stoichiometry variations
and contaminations are ubiquitous effects. Using TEY, which
typically has a probing depth of a few nanometres, will grossly
overemphasise surface effects. As a case in point consider our TEY
results: if interpreted as being representative of bulk properties,
they would falsely indicate a bulk Co**/Co®* ratio of 1/4, whereas
the actual bulk Co?* content is negligible.

Using the more bulk sensitive fluorescence yield mode is not a
viable alternative either, as it does not strictly represent
absorption.**>° The best option whether RXR is not available is
to terminate the sample with a protective layer. However, in many
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cases it will be difficult to find a material that does not itself
change the film properties: it has to be lattice matched, of the
same polarity, of comparable oxygen affinity and so on.

In summary, we have demonstrated that RXR is an excellent tool
to study reconstruction phenomena in heterostructures compris-
ing complex materials. We have shown direct microscopic
evidence for electronic reconstruction on the polar (001) surface
of LaCoOs. Whereas a RXR analysis of the magnetic structure of
LCO has to await future studies, our results indicate that LCO films
are dominated by Co®* and that Co®* is limited to the surface: this
sets stringent boundary conditions for the interpretation of
ferromagnetism in LCO thin films**** and powders.'® It suggests
that Co>" spin-state transitions in the bulk drive the ferromagnet-
ism and excludes schemes involving the presence of Co*" at the
surface.'®

Our results stress the necessity to further develop RXR into a
tool to routinely extract optical constants of the bulk and of buried
interfaces. This is not only important in the presence of surface
reconstruction but also when the detection of TEY drain current is
technically difficult or not possible, such as in insulators, in the
presence of strong magnetic fields and in femtosecond-resolved
pump-probe experiments. Corresponding experimental endea-
vours are underway and our approach is ideally suited to analyse
the resulting data.

MATERIALS AND METHODS

Sample synthesis

We used pulsed laser epitaxy to grow LCO thin films with (001) orientation
on NdO-terminated single-crystal NGO substrates with (001) orientation
(pseudocubic notation). A KrF excimer laser (A=248 nm) with a laser
fluence of ~1 J/cm? was used for ablating sintered LCO and single-crystal
LAO targets. The samples were fabricated at 700 °C in 100 mTorr of oxygen
partial pressure. We note that the growth at high oxygen partial pressure
was necessary for high-quality, phase-pure LCO thin films. Lower oxygen
partial pressure resulted in cobalt oxide impurity phases as evidenced by
X-ray diffraction.

Optical constant determination by XAS

The off-resonant, imaginary parts of the atomic scattering factors of the
involved elements, as well as those parts lying outside of the scrutinised
XAS energy window of ~600-900eV were retrieved from Chantler
tables®' The resonant parts of Co>* and La were obtained from XAS
measurements in TEY mode. The background was corrected and the data
aligned with the tabulated values as previously described in ref. 4 to obtain
the complete imaginary parts of the atomic scattering factors. The real
parts were obtained by Kramers—Kronig transformation.

For the Co?*, intermediate steps were necessary: as described in the
main text, a Co>" spectrum was subtracted from the data of the uncapped
LCO//NGO sample (Figure 2). The difference spectrum XASy¢ depends on
the scaling of the original spectra with respect to each other. However, the
choice of the scaling underlies stringent restrictions: XASgis may not
become negative at any energy, it must reflect the edge jump®' and it
should represent a meaningful Co valence. These restrictions lead to a
close to perfect Co®" spectrum (Figure 2) in octahedral high-spin
configuration. Different scaling choices do not lead to either of the other
possible Co valencies (3+ and 4+) in either of the known spin states, or
mixtures thereof. To further improve the alignment of the cobalt spectra to
the Chantler calculations, which is somewhat complicated by the vicinity of
the La resonance, we have compared the areas below the Co®>* and the
Co®* resonances. For a purely ionic situation, the ratio is 4/3. We expect
covalence effects, which are significantly stronger for Co®* than for Co**, to
reduce this ratio to ~ 1.1. In the aligning process of the two spectra to the
Chantler calculations, we have ensured that this ratio be kept.

Valence-state profiling based on RXR data

Our approach here is based on the chemical profiling scheme we describe
in ref. 38. The sequence of steps to perform is as follows: first, we set up a
model consisting of a sequence of layers k containing elements (in their
respective valence) i, with the parameters being the thickness t;, atomic
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concentration c;x and roughness of the respective upper interface o;,. We
then simulate the resulting RXR curves, compare them with the measured
curves and optimise the parameters until convergence is achieved. The
initial layer sequence depends on the complexity of the system and reflects
preliminary information about surfactant layers, intermixing regions and so
on. For the samples studied here, it is discussed in the main text.

From the parameters of the individual layers t, c;x and o;x, we obtain the
elemental depth concentration profiles c{z) of the entire heterostructure,
such as those shown in Figure 4. Their properties are described by atomic
scattering factors f(w) with a unique photon frequency dependence, which
we derive from the XAS spectra as described above.**® The entire
heterostructure is then described by the depth-resolved susceptibility

X(Z, w) = 4—nzre|z NAC,'(Z)f,‘(cL))
lkol” "5

where ko is the wave vector of the incoming beam, ry is the classical
electron radius and N, is the Avogadro number. On the basis of x(zw), RXR
spectra can be simulated using the Parratt formalism.>? Finally, a least-
squares algorithm is used to optimise x? the deviation between the
measured data and the simulated spectra.3®*

At low g,values (below about 0.05A~") the measured intensity is
suppressed due to geometrical shadowing effects and deviates from the
expected intensity. We have applied a corresponding correction factor.>*
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