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Combining dissimilar transition metal oxides (TMOs) into artificial heterostructures enables to create
electronic interface systems with new electronic properties that do not exist in bulk. A detailed
understanding of how such interfaces can be used to tailor physical properties requires characterization
techniques capable to yield interface sensitive spectroscopic information with monolayer resolution.
In this regard resonant x-ray reflectivity (RXR) provides a unique experimental tool to achieve exactly
this. It yields the element specific electronic depth profiles in a non-destructive manner. Here, using a
YBa,Cu;0,_;(YBCO) thin film, we demonstrate that RXR is further capable to deliver site selectivity.
By applying a new analysis scheme to RXR, which takes the atomic structure of the material into
account, together with information of the local charge anisotropy of the resonant ions, we obtained
spectroscopic information from the different Cu sites (e.g., chain and plane) throughout the film
profile. While most of the film behaves bulk-like, we observe that the Cu-chains at the surface show
characteristics of electron doping, whereas the Cu-planes closest to the surface exhibit an orbital
reconstruction similar to that observed at La, _,Ca,MnO/YBCO interfaces.

Recent developments in the atomic layer by layer synthesis of transition metal oxide materials and the possibility
to put dissimilar materials face-to-face at an interface has provided a vast playground for exciting physics'—.
Prominent examples are the formation of a 2D electron gas at the LaAlO,/SrTiOj; interface* and the observation
of superconductivity at interfaces of non-superconducting copper oxides"*>¢. The nature of these new phenom-
ena has been addressed to be closely related to various reconstruction mechanisms, affecting the charge, spin and
orbital states of the TM site at the interface.

For example, the distribution of electrons among local orbitals of the TM site (orbital occupation) has been
reported to be strongly modulated at hetero-interfaces. In bulk YBCO the holes in the superconducting CuO,
planes are known to be confined to the xy-plane occupying the Cu3d,_ » orbitals’. However, at an interface with
ferromagnetic La,;;Ca,;;sMnO;(LCMO), holes have been found to partially occupy the 3d,,2_,» orbital, which is
oriented perpendicular to the interface®'°. This orbital reconstruction appears to drastically change the electronic
properties of the interface with respect to the bulk. Charge from the manganite side is transferred into the cuprate
through the Cu-O-Mn bond and induces a magnetic moment on the Cu site at the interface. This moment couples
antiferromagnetically with Mn and locally destroys the superconducting state®. Similar situations have been
observed at other cuprate/perovskite interfaces such as (CaCuO,(CCO)/STO!" and La,_,Sr,MnO;(LSMO)/
CCO"?) and has also been ascribed to the hybridization of 3d,,>_,» orbitals of Cu across the interface via the apical
oxygen.
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Figure 1. (a) Crystal structure of YBa,Cu;0;_sshowing characteristic structural features such as the Cu chains
and planes. (b) XAS geometry with respect to the YBCO structure and its different Cu sites (chain and plane).
Note that in a twinned structure there is no clear difference between a and b directions. 2p XAS obtained from
TFY (c), TEY (d) and PEY (e) measurements for in-plane (blue) and out-of-plane (red) polarized light. For
clarity only the L; edge is shown.

In this situation examining spatial modulations in the electronic system with atomic depth resolution is of
paramount importance. Not only for understanding the physics behind these novel phenomena, but also for the
design and manipulation of material properties towards functional devices and applications.

Notwithstanding, while various experiments can provide structural profiles of films and heterostructures
real depth-resolved spectroscopy remains to be a major experimental challenge, especially since these interfaces
are normally buried deep below the sample surface. In this regard, RXR provides a unique experimental tool to
study such effects. It is a state of the art technique that combines elastic scattering (reflectometry) with spectros-
copy (X-ray absorption), hence allowing to acquire element specific information on electronic properties with
monolayer depth resolution?*?*. In the case of 3d-TMOs, information on the relevant 3d states is obtained by
performing RXR measurements at the L, ; edges (i.e., 2p — 3d) of the TM ion. By judiciously selecting the photon
polarization and energy (hv) one gets access to information about the different electronic degrees of freedom of
the resonant site. Regarding the magnetic degrees of freedom, for instance, sensitivity to magnetism and magnetic
depth profiles is provided by the strong x-ray magnetic circular dichroism at the transition metal L-edges. (see
ref.?s and references therein for examples of magnetic RXR). In contrast, information about the spatial charge
distribution (orbitals) is obtained from dichroic effects observed using linearly polarized light. In this regard only
few works have succeeded to extract information about orbital occupancies and reconstruction profiles from
RXR*%, showing RXR to be sensitive enough to resolve fine orbital changes of the order of ~3-5%. Recently,
valence state profiles have also been determined?.

These reports however, deal with materials where a single resonant ionic species is considered that recon-
structs electronically close to an interface. More complex systems like Fe;O, or YBa,Cu;0,_s (YBCO) where the
same ion exists within the crystal structure with different local symmetries and different valences will require a
different approach to properly study modifications of electronic properties. To address this issue we have studied
a film of the archetypical high temperature superconductor YBCO grown on SrTiO; (STO). This system crys-
tallizes with a layered structure, where Cu ions are located at two different crystallographic sites, namely chains
(Cul) and planes (Cu2) (see Fig. 1(a,b)). Each of them with distinct local symmetries and well known anisotropic
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distribution of their 3d charge”*"*2. Here we apply RXR to this complex situation and therefore go one step
further towards monolayer resolution and site selectivity. To this end, based on our previous work?, we have
developed an analysis scheme of RXR where the atomic structure of the material is taken into account by “slicing”
it into atomic planes with characteristic anisotropic scattering properties. Using RXR at the Cu L, ; edges, the
stacking sequence and atomic termination of a YBCO thin film is determined. Our results show that at the surface
the CuO chain layer has an electronic state different from that of the bulk and that it influences only the first CuO,
plane which is closest to the surface. Our method allows to determine structural information such as interface ter-
minations and stacking of atomic layers. But more importantly, it enables to extract depth-resolved spectroscopic
information with monolayer resolution which discriminates between different Cu sites, thus further enhancing
the capability of the technique to study novel electronic phenomena at surfaces and interfaces.

Results

X-ray absorption spectroscopy. The crystal structure of YBCO is shown in Fig. 1(a). In this structure
Cu ions are located at two distinct crystallographic sites, namely chains and planes, with very different local
symmetries. We have measured the Cu 2p XAS spectra on a 6 unit cells (u.c.) thick YBCO film grown on STO
(see methods section). The measurements were done for different alignments of the photon electric field E with
respect to the YBCO lattice orientations in order to obtain spectroscopic information from the different Cu sites
(cf. Fig. 1(b) and Methods).

Figure 1(c,d) shows the Cu 2p polarization dependent XAS spectra of the YBCO film measured in the total
fluorescence yield (TFY) and total electron yield (TEY) modes, respectively. The observed lineshapes show typical
absorption spectra of hole doped YBCO”*"*. For E||ab (blue lines in Fig. 1(c-e)), the strong peak at 931.3 eV
corresponds to holes in the 3d,2_ 2 orbital of the Cu (3d°) in the planes®. The high energy shoulder at 932.8 ¢V,
more pronounced in TFY (cf. Fig. 1(c)), has two contributions. The first corresponds to ligand holes (3d °L) with
the same3d,._» symmetry in the planes, while the second contribution comes 3d °L ligand holes of the chain Cu
with 3d g orbital character’?? (see crystal structure in Fig. 1(a,b)).

For an untwinned film, the Cu chains run along the b direction hence the lineshapes of E| a and E|| b are differ-
ent. For instance for E|| b a shoulder above 931.3 eV would be observed, due to the CuO chains running along this
direction, which would be absent when E|| a*2. However, in a normal incidence geometry we do not observe any
significant difference when rotating E by 90° in the ab-plane, hence, we can conclude that the film is twinned, as
expected.

The E|| ¢ lineshape (red lines in Fig. 1(c—e)) shows two peaks at 931.4 eV and 932.8 ¢V coming from holes in the
3d,>_,» orbitals and 3d°L ligand holes of the chain Cu, respectively. Additionally, 3d, > ,2/3d5,2_ > hybridized
states of the plane Cu also contribute to the lineshape although this contribution is small**.

A very different lineshape is observed in the partial electron yield (PEY) spectra (cf. Fig. 1(e)). Here, a second
peak at 933.9 eV is clearly distinguishable for both E||ab and E|| ¢, which is attributed to monovalent Cu chains***°.
Such lineshape has been observed in oxygen depleted YBa,Cu;O¢*'~**. Due to the surface sensitive character of
PEY as compared to TEY (cf. methods section), we can conclude that an oxygen depleted region exists at the film
surface. In the rest of the film the Cu shows typical signatures of hole doped YBCO.

Resonant x-ray reflectometry. In Fig. 2(a,b) a representative part of the experimental RXR data is pre-
sented as Q, vs. hv intensity maps. Q, refers to the z component of the momentum transfer vector Q shown in
Fig. 2(c). These maps were measured at energies close to the Cu L, ; edges using o and 7 polarized light, respec-
tively. The maps show in addition to the characteristic thickness oscillations (Kiessig fringes), the (001) Bragg
reflection present at Q,=0.54 A~! corresponding to a ¢ lattice parameter of 11.635 A (in bulk c= 11.68 A*), which
is in agreement with the expected in-plane tensile strain induced by the substrate.

As can be observed in Fig. 2 there is a strong energy and polarization dependence of the reflected intensities.
For instance, the white lines drawn in the figure illustrate regions in the RXR-profile with particularly prominent
intensity variations as a function of the incident photon energy hv and polarization. These changes are especially
obvious at h>931.3 eV and result from strong changes of the materials refraction index n(w) =1 — 6+ i3. The
later depends on the Cu scattering factors f'(w) and f”(w), which both change rapidly at the Cu L, ;-edge.

For the further analysis of the measured reflectivities, it is therefore important to determine the scattering
factors f'(w) and f”(w) which define the materials optical constants ¢ and (. Details of how the scattering factors
for the different Cu sites were determined are discussed in the following section.

Determination of optical constants. In YBCO the Cu ions are located at two distinct lattice sites belonging to the
chains (Cul) and planes (Cu2) (cf. Fig. 1(b)). These sites have very different local symmetries yielding strong elec-
tronic anisotropies revealed by the polarization dependent Cu L, ; XAS spectra in Fig. 1. In order to implement
these local anisotropies a tensorial description of the resonant scattering length is necessary in order to describe
the resulting polarization dependent scattering. We therefore introduce atomic scattering tensors for the Cu sites
of the form

ful@) £, @)
h@ =[5 @ £, f ()
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Figure 2. Experimental resonant x-ray reflectivities measured at energies close to the Cu L edges. The data was
collected using o (a) and 7 (b) polarized light. (c) Scattering geometry of a reflectivity experiment. For the data
collection a set of §-26 scans has been measured using both polarizations at various photon energies across the
Cu edge. White lines in (a,b) are guides to the eye and show the energy dependence of characteristic maxima.
For clarity only the L; edge is shown.

with f, (W) = f| (w) + if" (w), where the x, y and z coordinate refer to the a, b and ¢ crystallographic orienta-
tions, respectively. The scattering tensor encodes information about the local electronic structure of the resonant
scatterer, i.e., magnetization direction as well as the local coordination and interactions with the ligands®. Using
the approach of Hawthorn et al.’? and Niicker et al.’, the scattering tensors for Cul and Cu2 were determined
from our experimental polarization dependent TEY-XAS spectra described above.

Considering first the Cu in the planes (Cu2), as discussed by Niicker et al.’, the f’ ;; =f }’,; term for the plane Cu
can be determined from the difference between E||c and E||ab XAS spectra. This can be better understood by
looking at Fig. 1(b). The X AS signal obtained when measuring with E|| c is vastly governed by absorption from the
chain Cu (Cul). Whereas, for E||ab the absorption comes from both chain and planes. Now, since fz’; = fy’; for
the chains and due to the fact that the sample is twinned, the signal obtained by subtracting the E||c and E||ab
XAS will, in a good approximation, yield the spectra which come only from the planes.

Due to the impossibility to fully disentangle Cul and Cu2 contributions to the E| ¢ XAS spectra. The weak Cu2
f, Z/; term (red line in Fig. 3(b)) was determined using XAS data measured on bulk La, 4Sr,,;CuO,** (LSCO),
which only contains CuO, planes. Note, however, that using this is an approximation, the local Cu environment
is different in LSCO and YBCO. Yet, these differences are rather small and the corresponding scattering ampli-
tudes in the z-direction (out of the CuO, plane) are weak. As a result, the present approximation introduces only
minor errors.

For the chain Cu (Cul), the f” = f’; term was obtained as follows: First we have normalized the E| c XAS
signal from 0 below the edge, to 1 after the edge. Due to the stoichiometry of YBCO, 1/3 of this signal is contrib-
uted by Cul and 2/3 by Cu2. In order to obtain reliable values of the Cul scattering factors we need first to sub-
tract the signal contributed by the two Cu2 sites. To do so we have assumed that each Cu2 contributes a signal
given by a step function at the L, ; edge jump. This is justified by the Cu2 local symmetry, which has no states to
excite into along the z direction”*. Therefore, the Cul, f” = f ;; was obtained by subtracting 2/3 of the step jump

from the normalized E| ¢ XAS.
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Figure 3. Real (f’) and imaginary (f”) part of the diagonal terms of the atomic scattering tensor for Cu2 (a,b)
and Cul (c,d). (e,f) Shows those taken for the topmost plane (Cu2,,,() and chain (Cul,,) sites.

For the calculations of the reflectivity we have made the following assumptions: First, since the film is twinned,
as concluded from the XAS, we set f = fy y = ¥ for Cul. Second, during the scattering process there is no
coherence between twin domains. Third, in the absence of long range magnetic order or external magnetic fields
the system can be described by a scattering tensor with zero off-diagonal contributions.

Figure 3 shows the real and imaginary parts of the diagonal terms of the scattering matrices for Cu2 ((a) and
(b)) and Cul ((c) and (d)). The obtained line-shapes are in close agreement with the reports by Hawthorn et al.>%.
For all the other ions, including those in the STO substrate, the atomic scattering factors were assumed to be iso-
tropic, i.e., f. = f,,=f., with all off-diagonal terms equal to zero, and their values were taken from tabulated data®.

Film structure determination. The first step in our RXR analysis is to establish a structural model of the YBCO
film, i.e., to determine the layer thicknesses, interfaces and stacking sequences. Due to the presence of the Bragg
reflection, analysis of the reflectivity in terms of homogeneous slabs as sketched in Fig. 4(a) is not possible. As
shown in Fig. 4(b,c), a calculation within the slab approach (green curves) is incapable to reproduce the Bragg
peak observed in the experimental reflectivities (black curves). This is more obvious when looking at the calcu-
lated intensity maps in Fig. 4(d,e), where only the Kissig fringes are observed in contrast to the experimental maps
in Fig. 2. This is because a slab approximation considers only reflection of the x-rays at surfaces and interfaces of
the materials conforming the heterostructure. It completely neglects the atomic crystal structure of the hetero-
structure and as such cannot reproduce the observed Bragg peak, which is a direct consequence of the crystalline
structure of the material.

To overcome this problem we have adopted the “atomic slices” approach which was developed in ref.. In this
approach the YBCO unit cell has been subdivided into thinner slabs (slices) corresponding to its atomic planes.
The optical constants of each atomic slice have been defined according to the stoichiometry of the corresponding
lattice plane. As described in our previous work?®, when using the slice approach to reflectivity, a good way to
model the transition from one layered material into another is using an envelope error function of the form
erf(ju, o) = (1/0~27) fz exp — (*120%) dp. With 1= (z; — z,), where z; is an integer number defining the
location of an atomic layer of the material close to the interface, z, is an integer number defining the layer position
where the interface is located and ¢ defines the width of the transition, i.e., the interface roughness.

During the analysis of the reflectivities, a surface layer was introduced accounting for possible organic and
other contaminants that might adhere to the film surface. Its optical constants were taken as those from carbon.
In this way, we have defined three interfaces namely: STO/YBCO, YBCO/C and C/vacuum. For each of these, the
interface location z; and roughness o were fitted. Note that the layer thickness is given by the relative positions
between interfaces, whereas the z, location defines the atomic termination at the interface. In addition to these
parameters, an overall scaling factor, used to match the calculated and measured intensity scales, was also fitted
yielding a total of seven fitting parameters. All reflectivities including both o and 7 polarizations were fitted
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Figure 4. Structural models and fitted reflectivities. The upper, middle and lower rows show the fits
corresponding to the (a) “slab”, (b) “stacking 1” and (c) “stacking 2” structural models, respectively. The total film
thickness is 6 u.c., i.e., 6 x (6 atomic layers) = 36 atomic layers. Black lines in (b,c,g,h,],m) show experimental
data. Color plots are Q, vs. hv intensity maps calculated using the corresponding structural models. Greek
letters indicate the polarization of the light used for the measurement/calculation.

Stacking 1 CuO-Term + BaO-Term (mod. surf) 9.11

Stacking 1 CuO-Term + BaO-Term (Bulk-like) 10.69
Stacking 1 CuO-Term (mod. surf) 10.84
Stacking 1 CuO-Term (Bulk-like) 12.10
Stacking 1 BaO-Term (mod. surf) 12.99
Stacking 1 BaO-Term (Bulk-like) 12.46
Stacking 1 (Cu average) 15.16
Stacking 2 BaO-Term (Bulk-like) 20.48

Table 1. Fit error x? for different stackings, terminations (cf. Figs 4 and 5) and electronic models: Bulk-like,
refers to the case where no changes in electronic properties with respect to the bulk are considered. Modified
surface (mod. surf) here the Culg,;and Cu2,,have distinct but isotropic f (w). Cu average refers to the case

where fCul = fCuZ = fCuaV'

simultaneously. This involves fitting the whole energy range hence, ensuring a self consistent result free from local
bias given by particular features at a particular energy.

The fitting was done in two steps, first an evolutionary algorithm*® was used. This ensures that the fit is com-
pletely unbiased by evaluating a large region of possible configurations in parameter space. The resulting best fit
was then followed by a simplex least square reduction algorithm. The quality of the fit was judged by a qualitative
comparison of fitted vs. experimental data, and quantitatively by determining the deviation between experimental
and calculated reflectivities by means of the x? error (see Table 1).

Figure 4(g-j), shows the fit results with the lowest x? value, which implement the atomic slices approach using
the site specific Cul (chains) and Cu2 (planes) scattering tensors (cf. Fig. 3(a—d)). This model nicely describes the
observed Bragg peak, thus yielding an obvious improvement over the slab model. Moreover, from the fit, the best
description of the experimental data is given by a film structure where the YBCO surface is YBCO-BaO-CuO
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Figure 5. Structural models and fitted reflectivities. The upper row shows the fits using stacking 1 and an
average Cu-scatterer “Cu average” (explanations in the text). Lower row show the fits for the stacking I including
the modified surface. (f) Shows the two CuO and BaO terminations and the location of the reconstructed

Cu sites at the surface. Note that for the model shown in (f) the total film thickness is still 6 u.c. Here we have

5 bulk-like unit cells and one surface u.c. which is reconstructed. So for CuO-Term there are 5 x (6 atomic
layers) + 6 atomic layer = 36 atomic layers. Whereas for BaO-Term there are 5 x (6 atomic layers) + 5 atomic
layers =35 atomic layers. Black lines in (b,c,g,h) show experimental data. Color plots are Q, vs. hv intensity
maps calculated using the corresponding structural models. Greek letters indicate the polarization of the light
used for the measurement/calculation (cf. Fig. 2(c)). White lines in (i,j) are a guide to the eye and show the
energy dependence of the thickness oscillations maxima. These lines are exactly the same as in Fig. 2(a,b).

terminated and the STO/YBCO interface has a STO-TiO,-BaO termination as shown in Fig. 4(f) (stacking I).
Moreover, from the fitted maps (Fig. 4(i,j)) one can see how the strong polarization dependence emerging from
the anisotropic scattering of the different Cu sites is well retrieved by implementing the scattering tensor. In
strong contrast, assuming a homogeneous slab, no Bragg peak can be reproduced and no detailed structural
information, out of the YBCO total thickness, can be extracted.

In order to put our results in perspective and to better understand their implications, let us discuss two addi-
tional models:

(i) Let usassume a film structure with the same thickness as stacking 1 but different stacking of the atomic
planes, thus with different interface terminations. This structure is shown in Fig. 4(k) (stacking 2), here
the surface termination is YBCO-CuO-BaO and the STO/YBCO interface is given by SrO-CuO,, which
is known to be also possible*!. Figure 4(1-0) show the corresponding calculated reflectivity. Qualitatively
from the figures one can judge that this structure does not fully describe the data. Moreover, it has a x>
value which is about 70% larger than that of stacking 1 (20.48 vs. 12.10 in x?). This nicely demonstrates that
the changes in the relative phases of the resonant scatterers, which are caused by changing the stacking, are
clearly visible in the RXR signal. This allows to easily discern between different atomic stacking sequenc-
es. Furthermore, considering that the only difference between stacking 1 and 2 is just a shift along z of
the stacking by one atomic plane and that such difference can be discerned, this result demonstrates the
remarkable monolayer resolution of RXR.

(ii) To demonstrate the importance of implementing two f -tensors for Cul and Cu2, in Fig. 5(a—e) we show
calculated RXR for an average f-tensor used for both the Cul and Cu2 sites. More specifically, this model
neglects the differences between Cul and Cu2 and describes both sites by an average f-tensor (Cu,,) that
has been obtained assuming that its in-plane f,, = f,, and out-of-plane f,, components correspond to the “as
is” E| ab and E||c experimental XAS, respectively. As can be observed in Fig. 5(b,c) (blue lines) and maps
(d) and (e), this “Cu average” model fails to properly describe the experiment, even using an atomic slice
approach. This is particularly evident by looking at the 7 channel (Fig. 5(e)) where the Bragg peak is barely
observable. Hence, a realistic description of the experimental data requires a model where each Cu site is
explicitly described together with its local anisotropies.

The following analysis will therefore be based on the atomic slices approach using the two different f tensors
for Cul and Cu2 and stacking 1. However, we also found that stacking 1 with the topmost CuO layer missing,
hence BaO terminated (Fig. 5(f)), also provides an acceptable structural model. We therefore assume that both
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surface terminations are present, which is in perfect agreement with earlier STM results!*?>4243, Also the
TiO,-BaO termination at the STO/YBCO interface agrees to what has been observed with TEM".

The structural model used in the following analysis hence consists of CuO (CuO-Term) and BaO (BaO-Term)
terminated domains of stacking 1. This calculation assumes that these domains scatter light incoherently. In this
way we can express the total intensity reflectivity as Ity = (1 — %)Icuo-term + X Ipao-Term> Where x, is a factor that
accounts for relative domain population. By testing different values of x we have found that x? of stacking I is
considerably reduced by about 12% for x=0.5 (cf. Table 1). Our analysis therefore implies that our YBCO film
surface consists of stacking 1 with an equal population of both CuO and BaO surface terminations.

Surface reconstruction. In the second step of our RXR analysis we now use the structural model established
above to extract depth resolved information about electronic properties and their variations at the interfaces.

So far we have assumed that both chains and planes have the electronic properties of the bulk throughout the
whole film. In reality, this “bulk-like” scenario is rather unlikely close to the surface, scanning tunneling spec-
troscopy (STS) and angle-resolved photoemission spectroscopy (ARPES) experiments have provided evidence
of distinct electronic properties of Cu at the surface. Moreover, electronic modification can also take place at the
interface with the substrate.

During the data analysis, several models assuming a modification of electronic properties somewhere in the
film were examined using the available input from XAS. For instance, the PEY reveals a modified surface sce-
nario. Implementing this into our model yielded a much better agreement with the experiment and a further 15%
reduction of x? from 10.69 to 9.11. Figure 5(f) shows the model with the lowest x2. It consists of a 6u.c. YBCO
film whose surface has equal population of domains with CuO and BaO terminations. For these structures, the
topmost (surface) CuO and CuO, layers have different electronic properties in comparison to the film bulk. The
scattering tensor for the surface CuO (Cul,,) layer was constructed using the E||c PEY spectra (cf. Fig. 1(e))
assuming an isotropic scattering tensor, i.e., f,,=f,, = f. (cf. Fig. 3(f)). Similarly for the modified Cu plane
(Cu2,,y), its isotropic scattering tensor was built using the E|| ab PEY (cf. Fig. 1(e)).

Figure 5(g,h) show the experimental (black) and fitted (red) reflectivity curves using this modified model. As
compared to the bulk-like (cf. stacking 1 in Fig. 4(b,c)) and average Cu approaches (cf. Fig. 5(b,c)) the agreement
is very satisfactory. Also the energy and polarization dependence of the maxima of the thickness oscillations are
fairly well reproduced as shown in the intensity maps in Fig. 5(i,j). For instance, the oscillation maxima closely
follow the energy dependence observed in the experiment (see white lines in the Fig. 5(i,j)).

Let us now discuss some details of this model. Our analysis yields that the film topmost atomic plane for the
domain with stacking 1 and CuO termination is the chain CuO layer. This surface layer has scattering factors rem-
iniscent to that of oxygen depleted YBCO”!-%%, which is naturally expected due to loss of oxygen in the chains at
the surface. Considering that for YBCO, the CuO chains are the charge reservoir for the superconducting CuO,
planes, it is also expected that changes in the CuO chain will affect the planes. Our results show that this is indeed
the case. From the two CuO, planes underneath the surface CuO layer only the one which is closest to the surface
is found to be modified. A similar scenario is seen for the BaO terminated domain: here without the disrupted
CuO layer, but only the modified CuO, layer just beneath the BaO capping. Note that, although in each domain
the topmost CuO, plane its being covered with different layers, the Cu2,,is the same for both of them. Thus
implying that the electronic properties of the topmost CuO, layer is the same in the two domains.

This change in the polarization dependent scattering of Cu2 in the “surface” plane clearly indicates an orbital
reconstruction in which part of the holes, normally constrained to the xy-plane, are relocated in the z-direction.
Similar situations have been observed at other cuprate/perovskite interfaces®''> and has been ascribed to hybrid-
ization of 3d,,2_,2 orbitals of the Cu and the TM ion in the perovskite structure via apical oxygen. In the case of
LCMO/YBCO?, the polarization dependent XAS is remarkably similar to that shown in Fig. 3(e), which is indic-
ative of interface electron doping.

In contrast to the case of manganite/cuprate interfaces, where electron transfer from the manganite to the
YBCO at the interface is commonly observed*-*, the orbital reconstruction here reported is not due to a charge
transfer between Mn and Cu across an interface but to a combination of local symmetry breaking and a modifi-
cation of the electron count at the surface due to the oxygen deficient CuO surface chains.

Discussion and Conclusions
Still, after considering a surface modification, we cannot reproduce all details shown in Fig. 2(a,b). This can be
attributed to the following two complications: Firstly, a close inspection of Fig. 5(i,j), reveals that although a good
description of the o reflectivities is obtained with the current model, this does not fully apply for 7 reflectivities.
Due to geometrical reasons, reflectivities measured using 7 polarized light encode more information about elec-
tronic states which are pointing away from the film surface. Deviations for the 7 reflectivities therefore imply that
for some of the sites the f,, terms are not estimated well. This is more likely to happen for the modified ions at the
surface since their real structure is unknown. Secondly, so far we have completely neglected any electronic mod-
ification at the substrate-film interface. The inclusion of the STO/YBCO interface is a major challenge, because
of the complexity of YBCO and its many distinct and anisotropic Cu sites, e.g., at planes, chains and those sites
which are electronically modified at the surface and interface. This results in a large number of additional param-
eters which cannot be determined reliably based on the measured data set. Nonetheless the fact that the favored
model already captures the major features of the experimental RXR data, implies that the dominant effects are
taken into account.

A way to overcome these limitations would be to augment the above analysis by state-of-the-art many-body
calculations. Using for instance embedded cluster calculations*, realistic estimates for the f" and f” at the inter-
faces can be obtained and implemented into our modeling.
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To summarize, the crystal structure stacking and surface termination of a 6 u.c. optimally doped YBCO ultra
thin film was determined by means of RXR. Our results show that the film starts with a STO-BaO-CuO,-YBCO
interface and at the surface it has two domains with different terminations, one is YBCO-BaO-CuO and the other
YBCO-CuO,-BaO terminated.

Regarding the electronic properties of the YBCO film, our element and site selective approach reveals that
the electronic properties of the two topmost Cu-containing layers differ markedly from those present deeper
inside the film. Specifically, we find oxygen depleted CuO chain-layers at the surface, which are represented by
Culy,sin our analysis. This oxygen depleted top layer results in an electron-doped CuO,-plane right underneath
the surface that is described by Cu2,,,;in our analysis. It is worth stressing that the electron doped region is very
strongly confined to the surface, as only the CuO,-plane just below the oxygen-depleted chains is found to be
affected significantly. For this topmost CuO,-plane the presented analysis further provides evidence for an orbital
reconstruction of the Cu 3d-states, similar to the one observed at YBCO/LCMO interfaces.

The presented reflectivity results, showing a surface electron doped YBCO layer, are in contrast to those from
ARPES where an anomalous hole overdoped surface state is observed*->!. However, the ARPES spectra were
collected on a cleaved bulk sample with a complex disrupted surface termination, whereas our data corresponds
to a film with a surface termination given by the growth conditions. Hence, these two types of experiments are not
easily comparable. Still, it is quite remarkable that probing with a wavelength, which is multiple times larger than
the atomic layer thickness, we are not only sensitive to the bulk features, but we are also able to extract surface
information with atomic layer resolution.

The present work shows the potential of RXR to study element and site selective electronic properties of
surfaces and buried interfaces being depth resolved and non-destructive. This technique is a promising and very
suitable tool to study emergent novel physical phenomena at surfaces and interfaces of complex materials and
their heterostructures.

Methods
Materials. An optimally doped YBCO thin film 6 unit cells (u.c.) thick was grown on a (001)-SrTiO; (STO)
substrate by means of Pulsed Laser Epitaxy. The details of sample preparation can be found in ref.>.

X-ray Spectroscopy and Scattering. X-ray absorption spectroscopy and resonant reflectivity experi-
ments were carried out at the UE46-PGM1 beamline of the BESSY II storage ring of the Helmholtz-Zentrum
Berlin (HZB). These experiments were performed using the XUV diffractometer and taking advantage of the
novel fast continuous-mode motor scans that allow to acquire XAS and reflectivity (6-26 from 0° to 170°) data
within minutes. The XAS was collected in the total electron yield (TEY) and total fluorescence yield (TFY) modes.

TFY is a bulk sensitive probe and collects the photons that are emitted by the sample after light illumination.
TEY on the other hand measures the drain current from the photoelectrons that escape the sample after light irra-
diation. Since the electrons probing depth at the Cu L edges in YBCO is about 50 A (4.3 u.c’s)*>, TEY is considered
a surface sensitive probe.

Additional partial electron yield (PEY) measurements were carried out at beamline UE52 of the HZB. During
collection of the PEY a mesh is placed before the detector so that only electrons with high kinetic energy can pass.
In this way only electrons coming from the topmost layers of the material are measured. Hence, PEY is much
more surface sensitive than the TEY thus yielding spectroscopic information of the film surface.

Both XAS and RXR experiments were performed using linearly 7 and o polarized light at photon energies
close to the Cu L, ; edges. mand o designate a polarization parallel and perpendicular to the scattering plane (cf.
gray plane in Fig. 2(c)), respectively.

The X-ray absorption profiles were measured with o- and 7-polarization of the incident light at an angle of
incidence of # = 30° and 90°. Although for o-polarization the measured intensity corresponds directly to E||x, the
intensity for E| z is deduced by performing the following geometrical correction I, =1 /cos? @ — I tan*6, with I,
being the measured intensity with 7-polarization®®. In this way one can extract absorption spectra where the
photon electric field E aligns parallel and perpendicular to the film surface, i.e., E_L c and E| ¢ of the YBCO,
respectively.

The geometry of a specular reflectivity experiment is depicted in Fig. 2(c). Here an incoming x-ray beam, with
wave vector k, and o or 7 polarization, hits the sample surface with an incidence angle 6. The intensity of the
specularly reflected x-ray leaving the sample at an exit angle equal to § is measured as a function of 6. The specular
reflectivities (926 scans) were measured as a function of the z-component of the momentum transfer vector
Q=(0, 0, Q,) ranging from 0.1 to 0.7 A~". The collected data set consists of 46 reflectivities per polarization,
measured on and off resonance. The energy step close to the Cu L, ; edges was 0.25eV yielding a total of 19844
data points. All experiments were done at room temperature.

Analysis of RXR data. The optical constants of the materials under study were constructed as described
in refs*»?>30, First the measured XAS spectra are normalized to tabulated scattering factors®. Subsequently a
Kramers-Kronig (KK) transformation is performed to obtain the real part f’ of the scattering factor. For the KK
calculation, an integral approach is chosen where an analytic expression is obtained by linearly interpolating
successive values of the scattering factor f” in energies between E; and E, ,, (cf., ref.>).

Analysis of the reflectivities were performed with the software ReMagX?®. This program uses a dynamical
approach where the one dimensional Maxwell equations are solved exactly within the model.

Data availability. The authors declare that the data supporting the findings of this study are available from
the corresponding author on reasonable request.

SCIENTIFICREPORTS |7: 13792 | DOI:10.1038/s41598-017-12642-7 9



www.nature.com/scientificreports/

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23

26.
. BencKiser, E. et al. Orbital reflectometry of oxide heterostructures. Nat. Mater. 10, 189-193 (2011).
28.
29.
. Hamann-Borrero, . E. et al. Valence-state reflectometry of complex oxide heterointerfaces. Npj Quantum Mater. 1, 16013 (2016).
31.

32.
33.

34.
. Grioni, M., van Acker, J. E, Czyzyk, M. T. & Fuggle, J. C. Unoccupied electronic structure and core-hole effects in the x-ray-

36.
37.

38.
39.

40.
41.

42.
43.

44,

45.
46.

47.
. Hozoi, L. Localized states in transition metal oxides. Ph.D. thesis, University of Groningen (2003).
49.

50.

Chakhalian, J., Freeland, ]. W, Millis, A. J., Panagopoulos, C. & Rondinelli, J. M. Colloquium: Emergent properties in plane view:
Strong correlations at oxide interfaces. Rev. Mod. Phys. 86, 1189-1202 (2014).

. Chakhalian, J., Millis, A. J. & Rondinelli, J. Whither the oxide interface. Nature Mater. 11,92 (2012).
. Zubko, P, Gariglio, S., Gabay, M., Ghosez, P. & Triscone, ].-M. Interface physics in complex oxide heterostructures. Annu. Rev. Cond.

Mat. Phys. 2, 141-165 (2011).

. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the LaAlO,/SrTiO; heterointerface. Nature 427, 423 (2004).
. Gozar, A. et al. High-temperature interface superconductivity between metallic and insulating copper oxides. Nature 455, 782

(2008).

. Hwang, H. Y. et al. Emergent phenomena at oxide interfaces. Nature Mater. 11, 103 (2012).
. Niicker, N. et al. Site-specific and doping-dependent electronic structure of YBa,Cu,;0, probed by O 1s and Cu 2p x-ray-absorption

spectroscopy. Phys. Rev. B 51, 8529-8542 (1995).

. Chakhalian, J. et al. Orbital reconstruction and covalent bonding at an oxide interface. Science 318, 1114-1117 (2007).
. Chakhalian, J. et al. Magnetism at the interface between ferromagnetic and superconducting oxides. Nat Phys 2, 244 (2006).
. Liu, J. et al. Interfacial electronic and magnetic properties of a Y, ¢Pr, ,Ba,Cu;0;/La,;;Ca,;sMnOj; superlattice. Phys. Rev. B 84,

092506 (2011).

Di Castro, D. et al. Occurrence of a high-temperature superconducting phase in (CaCu0,),-(SrTiO;),, superlattices. Phys. Rev. B 86,
134524 (2012).

Yang, N. et al. Charge localization at the interface between La,_ Sr,MnOj; and the “infinite layers” cuprate CaCuO,. J. Appl. Phys.
112, 123901 (2012).

Wen, ., Traeholt, C. & Zandbergen, H. Stacking sequence of YBa,Cu;0, thin film on SrTiO; substrate. Phys. C: Supercond. 205,
354-362 (1993).

Wen, J. G., Morishita, T., Koshizuka, N., Tracholt, C. & Zandbergen, H. W. Direct high resolution electron microscopy observation
of nonunit cell nucleation in the initial stage of high tc superconducting film growth. Appl. Phys. Lett. 66, 1830 (1995).

Malik, V. K. et al. Pulsed laser deposition growth of heteroepitaxial YBa,Cu;0,/La, s,Ca, 33MnO; superlattices on NdGaO; and
Sry;Lag 3Al 65T, 3505 substrates. Phys. Rev. B 85, 054514 (2012).

Varela, M., Lupini, A. R., Pennycook, S. J., Sefrioui, Z. & Santamaria, J. Nanoscale analysis of YBa,Cu;0,_,/La¢,Ca,33:MnO;
interfaces. Solid-State Electron. 47, 2245-2248 (2003).

Zhang, Z. L., Kaiser, U,, Soltan, S., Habermeier, H.-U. & Keimer, B. Magnetic properties and atomic structure of La,;Sr; ;MnO;-
YBa,Cu;0; heterointerfaces. Appl. Phys. Lett. 95, 242505 (2009).

Visani, C. et al. Symmetrical interfacial reconstruction and magnetism in La,;Ca,;Mn0O;/YBa,Cu;0,/La,,Ca,;MnO;
heterostructures. Phys. Rev. B 84, 060405 (2011).

Zhang, H., Gauquelin, N., Botton, G. A. & Wei, J. Y. T. Attenuation of superconductivity in manganite/cuprate heterostructures by
epitaxially-induced cuo intergrowths. Appl. Phys. Lett. 103, 052606 (2013).

You, H. et al. X-ray crystal-truncation-rod analysis of untwinned YBa,Cu;0;_; single crystals: The growth-termination plane. Phys.
Rev. B45,5107-5110 (1992).

Vonk, V. et al. Initial structure and growth dynamics of YBa,Cu;0;_; during pulsed laser deposition. Phys. Rev. Lett. 99, 196106
(2007).

Torrelles, X. et al. Analysis of the surface termination of Nd, . ,Ba,_,Cu;0, thin films. Phys. Rev. B 70, 104519 (2004).

. Schlepiitz, C. M. et al. Structure of ultrathin heteroepitaxial superconducting YBa,Cu;0;_, films. Phys. Rev. B 81, 174520 (2010).
24.
25.

Macke, S. et al. Element specific monolayer depth profiling. Adv. Mater. 26, 6554-6559 (2014).

Zwiebler, M. et al. Electronic depth profiles with atomic layer resolution from resonant soft x-ray reflectivity. New J. Phys. 17, 083046
(2015).

Macke, S. & Goering, E. Magnetic reflectometry of heterostructures. J. Phys.: Condens. Matter 26, 363201 (2014).

Wu, M. et al. Strain and composition dependence of orbital polarization in nickel oxide superlattices. Phys. Rev. B 88, 125124 (2013).
Wu, M. et al. Orbital reflectometry of PrNiO;-PrAlO; superlattices. Phys. Rev. B 91, 195130 (2015).

Fink, J. et al. Electron energy-loss and x-ray absorption spectroscopy of cuprate superconductors and related compounds. J. Electron
Spectrosc. Relat. Phenom. 66, 395-452 (1994).

Hawthorn, D. G. et al. Resonant elastic soft x-ray scattering in oxygen-ordered YBa,Cu;Oq, 5. Phys. Rev. B 84, 075125 (2011).
Merz, M. et al. Site-specific x-ray absorption spectroscopy of Y, _,Ca,Ba,Cu;0;_, Overdoping and role of apical oxygen for high
temperature superconductivity. Phys. Rev. Lett. 80, 5192-5195 (1998).

Chen, C. T. et al. Out-of-plane orbital characters of intrinsic and doped holes in La,_,Sr,CuO,. Phys. Rev. Lett. 68, 2543-2546 (1992).

absorption spectra of Cu,O. Phys. Rev. B 45, 3309-3318 (1992).

Liang, R., Bonn, D. A. & Hardy, W. N. Evaluation of CuO, plane hole doping in YBa,Cu,O_, single crystals. Phys. Rev. B73, 180505
(2006).

Haverkort, M. W,, Hollmann, N., Krug, I. P. & Tanaka, A. Symmetry analysis of magneto-optical effects: The case of x-ray diffraction
and x-ray absorption at the transition metal L, ; edge. Phys. Rev. B 82, 094403 (2010).

Pershan, P. S. Magneto optical effects. J. Appl. Phys. 38, 1482-1490 (1967).

Chantler, C. T. Theoretical form factor, attenuation, and scattering tabulation for Z = 1-92 from E = 1-10 ev to E = 0.4-1.0 Mev. J.
Phys. Chem. Ref. Data 24, 71-643 (1995).

Politsch, E. & Cevc, G. Unbiased analysis of neutron and x-ray reflectivity data by an evolution strategy. J. Appl. Crystallogr. 35,
347-355 (2002).

Pavlenko, N., Elfimov, I, Kopp, T. & Sawatzky, G. A. Interface hole doping in cuprate-titanate superlattices. Phys. Rev. B 75, 140512
(2007).

Urbanik, G. et al. Surface of underdoped YBa,Cu;0,_; as revealed by STM/STS. Eur. Phys. J. B 69, 483-489 (2009).

Edwards, H. L., Markert, J. T. & de Lozanne, A. L. Energy gap and surface structure of YBa,Cu,0;_, probed by scanning tunneling
microscopy. Phys. Rev. Lett. 69, 2967-2970 (1992).

Pena, V. et al. Spin diffusion versus proximity effect at ferromagnet superconductor La,,Ca, ;MnO;- YBa,Cu;0;_; interfaces. Phys.
Rev. B73, 104513 (2006).

Hoffmann, A. et al. Suppressed magnetization in La,;Ca, ;MnO;-YBa,Cu;0;_; superlattices. Phys. Rev. B 72, 140407 (2005).
Holden, T. et al. Proximity induced metal-insulator transition in YBa,Cu,0,-La,;;Ca,; sMnO; superlattices. Phys. Rev. B 69, 064505
(2004).

Yunoki, S. et al. Electron doping of cuprates via interfaces with manganites. Phys. Rev. B 76, 064532 (2007).

Zabolotnyy, V. B. et al. Disentangling surface and bulk photoemission using circularly polarized light. Phys. Rev. B 76, 024502
(2007).

Zabolotnyy, V. et al. Anomalous surface overdoping as a clue to the puzzling electronic structure of YBCO-123. Phys. C: Supercond.
460-462(Part 2), 888-889 (2007).

SCIENTIFICREPORTS |7: 13792 | DOI:10.1038/s41598-017-12642-7 10



www.nature.com/scientificreports/

51. Nakayama, K. et al. Bulk and surface low-energy excitations in YBa,Cu;0,_; studied by high-resolution angle-resolved
photoemission spectroscopy. Phys. Rev. B75, 014513 (2007).

52. Gray, B. A. et al. Superconductor to mott insulator transition in YBa,Cu;0,/LaCaMnO; heterostructures. Sci. Reports 6, 33184
(2016).

53. Ruosi, A. et al. Electron sampling depth and saturation effects in perovskite films investigated by soft x-ray absorption spectroscopy.
Phys. Rev. B90, 125120 (2014).

54. Brouder, C. Angular dependence of x-ray absorption spectra. J. Phys.: Condens. Matter 2,701 (1990).

55. Briick, S. et al. Coupling of fe and uncompensated mn moments in exchange-biased Fe/MnPd. Phys. Rev. B 81, 134414 (2010).

Acknowledgements

This work was supported by the DFG under grant number HA6470/1-2 and through the Emmy Noether Program
(Grant GE1647/2-1). ].C. was supported by the Gordon and Betty Moore Foundation EPiQS Initiative through
Grant No. GBMF4534. The authors would like to acknowledge the Helmholtz Zentrum Berlin for beamtime
allocation.

Author Contributions

J.EH.B.,JW.E, ]J.C. and J.G. planned and conceived the experiment, B.G. and M.K. grew and characterized the
samples, J.E.H.B., S.P,, B.G. and E.S. performed the XAS and RXR experiments at BESSY, M.Z., U.T. and A.K.
conducted the PEY measurements at BESSY, J.E.H.B. and M.Z. analyzed the data, S.M. developed the analysis
software, ] E.H.B., S.M., M.Z., B.B. and ].G. contributed to the data interpretation and discussion. ].E.H.B. and J.G.
wrote the manuscript with contributions from all the authors.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13792 | DOI:10.1038/s41598-017-12642-7 11


http://creativecommons.org/licenses/by/4.0/

	Site-selective spectroscopy with depth resolution using resonant x-ray reflectometry

	Results

	X-ray absorption spectroscopy. 
	Resonant x-ray reflectometry. 
	Determination of optical constants. 
	Film structure determination. 
	Surface reconstruction. 


	Discussion and Conclusions

	Methods

	Materials. 
	X-ray Spectroscopy and Scattering. 
	Analysis of RXR data. 
	Data availability. 

	Acknowledgements

	Figure 1 (a) Crystal structure of YBa2Cu3O7−δ showing characteristic structural features such as the Cu chains and planes.
	Figure 2 Experimental resonant x-ray reflectivities measured at energies close to the Cu L edges.
	Figure 3 Real (f ′) and imaginary (f ″) part of the diagonal terms of the atomic scattering tensor for Cu2 (a,b) and Cu1 (c,d).
	Figure 4 Structural models and fitted reflectivities.
	Figure 5 Structural models and fitted reflectivities.
	Table 1 Fit error χ2 for different stackings, terminations (cf.




