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The interplay of nearly degenerate orders in quantum materials can lead to a myriad of emergent phases. A prominent case is that
of the high-T, cuprates for which the relationship between superconductivity and a short-ranged, incommensurate charge density
wave in the CuO; planes involving the d,._,> orbitals (Cu-CDW) is a subject of great current interest. Strong modifications of the
strength and coherence of this Cu-CDW have been achieved by applying large magnetic fields, uniaxial pressure, or via the
interfacial coupling in cuprate/manganite multilayers. However, such modifications do not alter the dominant orbital character.
Here we investigate cuprate/manganite multilayers with resonant inelastic X-ray scattering (RIXS) and show that a new kind of Cu-
based density wave order can be induced that has not been previously observed in the cuprates. This order has an unusually small
in-plane wave vector in the range of Q< 0.1 reciprocal lattice units (r.L.u.), a large correlation length of about 40 nm, and a
predominant d,. orbital character, instead of the typical d,._,» one. Its appearance is determined by the hole doping of the
manganite which is a key parameter controlling the interfacial charge transfer and orbital reconstruction. We anticipate that the
observation of a previously unknown type of density wave order at the YBCO interface will allow for fresh perspectives on the
enigmatic relation between superconductivity and charge order (CO) in the cuprates.
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INTRODUCTION

The complex phase diagram of the cuprate high-T. super-
conductors is a prime example of the varied properties of strongly
correlated quantum materials that arise from competing orders
and nearly degenerate ground states'. Besides the enduring
puzzle of the superconducting pairing mechanism, the exact
nature of the normal state in these materials remains elusive. In
particular, in the underdoped regime where a so-called pseudo-
gap depletes the low-energy electron states already well above
T2, various spin and/or charge orders have been found to
coexist with superconductivity. Intense studies have been carried
out on the remnants of antiferromagnetic (AF) correlations in the
strongly underdoped regime®® and on the so-called stripe order
with coupled spin and charge modulations in La;g75Bag 125-
Cu0,”®. More recently, the focus has shifted to an incommensu-
rate Cu-CDW order that was first observed in underdoped
YBa,Cu30,.5 (YBCO)>'®, and, meanwhile, also in several other
compounds. In bulk samples at ambient conditions this static Cu-
CDW, with a wave vector of Q= 0.25-0.3 reciprocal lattice units (r.
lu) and d,._,. orbital character, is relatively weak and short-
ranged. Its relationship with superconductivity remains contro-
versial, with the proposed scenarios ranging from simple
competition'", over intertwined orders such as the enigmatic
pair-density wave state'”'3, to a superconducting pairing
mechanism that is mediated by CDW-fluctuations'*'®. It is still
debated whether the short-range CDW correlations are driven by
Fermi-surface nesting'’, or rather by a tendency towards charge
segregation provoked by strong electronic correlations'®. How-
ever, the recent observation of a re-entrant Cu-CDW with a small

wave vector of Q=0.15r.lLu. in strongly overdoped Bi-2201 is
difficult to reconcile with a pure nesting scenario'®.

Various successful attempts have been undertaken to enhance
and modify the Cu-CDW in order to further explore its origin and
relationship with superconductivity. In underdoped YBCO, the
strength and the correlation length of the Cu-CDW with Q= 0.3 r.
l.u. have been strongly enhanced by applying large magnetic
fields that suppress superconductivity'®'® or uniaxial pressure
along the g-axis, which enhances the orthorhombicity, but
suppresses SC only partially®®. In both cases, there appears to be
a strong competition between SC and the long-range CDW. A
strong enhancement of the Cu-CDW with Q;=0.3r.lu. has also
been achieved in YBCO/manganite multilayers for which the
competition with superconductivity appears to be weak?'. More-
over, for YBCO/ Nd;_.(Ca;.,5Sr,),MnO3 (YBCO/NCSMO) multilayers
with x = 0.35, it has been demonstrated that the magnitude of the
Cu-CDW can be strongly modified via the tolerance factor (or the
Sr content) NCSMO, which controls its intrinsic charge and orbital
(CO) order®.

The YBCO layers of the latter YBCO/NCSMO multilayers have
anomalous superconducting properties. For multilayers for which
the tolerance factor, t (or the Sr content, y) of the manganite is
small enough to induce an insulating state with CE-type charge
and orbital (Mn-CO) order, the YBCO layers exhibit a granular
superconducting state which gives rise to an insulator-like upturn
of the resistance below T, instead of the expected drop to zero
resistance?” 2%, This unusual behavior occurs only in multilayers
for which the thickness of the YBCO layer is below a critical value
of d™®© <7—-8nm and where the manganite layers display the
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Mn-CO?*%, Notably, a coherent SC response below T, can be
restored here by the application of a large magnetic field®®, which
is known to weaken and suppress the Mn-CO of the manganite.
This unusual kind of magnetic-field-induced transition from an
insulating to a superconducting state is absent in corresponding
Nd1_X(Ca1_ySry)XMnO3/ YB32CU307/ Nd1_X(Ca1_ySry)XMnO3 (NYN)
multilayers for which the manganite has a larger tolerance factor
(Sr content, y) and thus an itinerant ferromagnetic instead of the
Mn-CO ground state®’. These trends suggest that the granular
superconducting state of the YBCO layers is induced by a
proximity effect due to the coupling with the Mn-CO of the
adjacent manganite layers. While the interfacial coupling mechan-
ism remains to be established, is seems likely that the concomitant
induced (or strongly enhanced) Cu-CDW order in the YBCO layer
plays an important role in the formation of the granular
superconducting state.

This calls for further studies of the relationship between the
manganite and cuprate charge/orbital orders in these multilayers.
In the following, we present a combined resonant inelastic and
elastic X-ray spectroscopy (RIXS and REXS) and X-ray absorption
spectroscopy (XAS) study at the Cu Lz-edge of a NYN trilayer with
x=0.5 and y=0.25. In this sample, the hole doping of the
manganite has been adjusted to obtain a long-ranged Mn-CO

order, unlike the previously studied multilayers with x =0.3-0.35
for which the Mn-CO is strongly disordered®*?>. To our surprise we
find that a new kind of Cu-based order is induced in the YBCO
layer that has an unusually short wave vector in the range of Q=
0.09-0.096 r.L.u., a large correlation length of about 40 nm, and a
predominant d,. character, rather than the standard d,>_,. one.
Moreover, we identify the hole doping of the manganite layers as
a key parameter that determines not only its own charge/orbital
and magnetic order, but also allows modification of the interfacial
charge transfer and the occupation of the d,. orbitals in the
interfacial CuO; planes. Our observations provide insights into the
interfacial coupling between the Mn- and Cu-based charge and
magnetic orders, and they suggest a new route to induce coupled
guantum states in these cuprate/manganite multilayers.

RESULTS

Different Bragg peaks of elastic RIXS signal at x = 0.5 and 0.35
Figure 1a shows a sketch of a NYN trilayer and the scattering
geometry of the RIXS setup. The scattering angle between the
incident (k;,) and scattered (koyue) X-ray beams (¥ = 130°), and the
resulting magnitude of the scattering vector Q = ki, — kout are
kept fixed during the experiment. The in-plane component Qj is
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Fig. 1 Overview of the incommensurate Cu density wave orders in NYN trilayers obtained with RIXS. a Schematic of the RIXS experiment
at the Cu Lz-edge with X-rays with linear ¢- and n-polarization. The scattering angle between incoming and outgoing beams is ¥ = 130°. The
angle 8, which gives the projection of transferred momentum along the surface direction, is defined as zero when the angles a and 8 are
equal (specular reflection), i.e., 6 ¥ /2-a. Therefore, grazing incidence corresponds to 6 >0, while grazing exit corresponds to §<0.
b Observed RIXS spectra for different Q) at the Cu Ls-edge for the trilayer with x = 0.5 showing the elastic peak (AE = 0) enhancement due to
the CO and the inelastic signals (AE <0, at an incidence energy of 930.4eV). c Evolution of the elastic peak intensity (AE = 0) in n-polarization
as a function of Q), showing a pronounced Bragg peak at Q~0.096 r.L.u. due to a Cu-based order. d Wide-range Q-scan showing that the
ordinary Cu-CDW Bragg peak around Q= 0.33 r.L.u. is absent IJor the trilayer with x = 0.5. Shown for comparison are RIXS data of a trilayer with
x=0.35 for which this latter Bragg peak is present and enhanced with respect to bulk YBCO (adapted from ref. ?%). The inset shows a
schematic of the Brillouin zone and the positions of the two charge order peaks, which appear symmetrically about the I'-point along the
(, 0) direction.
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varied here by rotating the sample, and is zero at specular
reflection, when the angles a and 8 are equal (see Fig. 1a). The
corresponding variation of the out-of-plane component Q, is not
considered in the following, since the Cu-based order is expected
to be quasi-two-dimensional. Typical RIXS intensity spectra of the
outgoing scattered photons as a function of their energy loss (AE)
are displayed in Fig. 1b for different in-plane momentum transfer
values. In the present case, the incident energy is resonant with
the Cu L3-edge (i.e., resonant with a Cu 2p to 3d transition).

As a consequence, the elastic signal at AE = 0 is very sensitive to
the scattering from the Cu-3d valence electrons and is used in the
following to probe the Bragg peak of the charge/spin order of the
Cu ions. The inelastic signal at AE < 0 is not further discussed here,
but contains rich information on phonons, magnons, and crystal
field excitations between the Cu-3d levels that will be presented
elsewhere. As can be clearly observed in the raw data, a significant
enhancement of the elastic peak is found within a particular range
of Q) values, signifying the occurrence of a Bragg peak, and hence
an underlying order.

The Q) dependence of the elastic signal of the NYN trilayer with
x=0.5 is analyzed in more detail in Fig. 1c, revealing a
pronounced Bragg peak at an in-plane wave vector of Q=
—0.096 r.l.u. To obtain this curve, the RIXS spectra in Fig. 1b at
different in-plane scattering vectors are obtained by rotating the
sample with respect to the beam. The elastic part of the RIXS
spectra is then summed to give the total elastically scattered
intensity. Interestingly, the observed Bragg peak occurs at a much
smaller wave vector than the one due to the ordinary Cu-CDW of
YBCO, which is expected at Q)= +0.3 r.L.u.'®. The scan over a wider
Q-range in Fig. 1d reveals that no Bragg peak around Q= 0.3 r.l.u.
occurs for the x = 0.5 NYN trilayer. Also shown, for comparison, are
the data of a NYN trilayer with x=0.35 and y=0.2 (green
symbols) for which a pronounced Bragg peak is observed at Q=
—0.33r.l.u?2. Correspondingly, from REXS data (see Supplemen-
tary Fig. 10, Supplementary Material), the x=0.35 NYN trilayer
shows no Bragg peak around Q= —0.096 r.L.u. This observation of
mutually exclusive Bragg peaks in the x=0.5 and x=0.35 NYN
trilayers implies that the underlying orders are of different nature
and are controlled by the hole doping of the manganite layers.

Comparably small ordering wave vectors as observed in the x =
0.5 NYN trilayer have only been reported for strongly overdoped
Bi-2201 with Q=0.15 rlu.'®, and for the spin component of the
so-called stripe order of LBCO with Q=0.125r.l.u.”®. The Bragg
peak in the present case is also rather narrow with a half-width at
half-maximum of AQ;=0.003 r.L.u. corresponding to a correlation
length of §=a(mAQ ) =39nm (using the in-plane lattice
parameter a =3.87 A of the LagsSroAloesTapssOs (LSAT) sub-
strate). This value is about an order of magnitude larger than for
YBCO bulk or thin film samples, with the exception of the 3D-CDW
that can be induced with high magnetic field'®'® and uniaxial
pressure?’,

Polarization dependence of Bragg peak at x = 0.5

Further evidence of the distinct nature of the Cu-based order
underlying the Bragg peak at Q;=0.096rlu. comes from
measurements obtained at different polarizations, and from
comparing the enhancement of the peak obtained on either side
of T-point of the Brillouin zone (Fig. 1d, inset). The elastic
scattering intensity measured in a RIXS experiment depends on
geometric factors and the orbital character of the states involved
in the scattering process. Particularly relevant are the electric field
component of the X-ray beams with respect to the scattering
plane (mm or o polarization), and the incident angle of the beam
with respect to the sample surface (grazing incidence or grazing
exit beam, see Fig. 1a). The latter of these defines the surface
projection of the momentum transferred during the RIXS process,
and hence the position in the Brillouin zone. The effect of these
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Fig.2 Evidence for the d,. character of the Bragg peak of the x =
0.5 NYN-trilayer obtained at the Cu L; edge. a, b Normalized
intensity of the elastic line from RIXS (open symbols) as a function of
in-plane momentum transfer, Q, of the incident X-rays for n- and c-
polarization, respectively. Solid lines are Lorentzian fits with a
Gaussian background. The gray dashed lines highlight the back-
ground contribution. The increased peak intensity for the =n-
polarized beam are in direct contrast to previous observations of
charge order involving d,._,. orbitals. The combined uncertainty in
Qy is £0.005 r.l.u. ¢ Geometric scattering cross-section calculations
(solid lines) for an elastic dy>_,> process as a function of angle &. An
angle of 0° corresponds to the I'-point. The intensities of the Bragg
peaks at the corresponding scattering conditions (obtained for each
of the four cases in (a) and (b)) are shown as markers (30x
magnified). The reversed polarization dependence compared with
the calculations reveals the underlying orbital character cannot be
dy_y» d The same calculation as in (c) for a spin-flip scattering
process involving d,orbitals, and spin oriented along the [001]
direction. The d,. orbital symmetry correctly captures the reversal of
the measured n and o cross-sections (markers, 2x magnified)
compared with the d,._,. case, highlighting the role of d,. orbitals in
the observed order. Errors were calculated using standard
deviations.

factors will clearly vary depending on the orbital symmetry
involved in the scattering process, e.g, in-plane d,._,» or out-of-
plane d,.. Therefore, obtaining measurements under different
geometries and comparing with scattering cross-section calcula-
tions for specific orbitals, allows the determination of the
dominant orbital symmetry for a particular scattering process.
Figure 2a, b shows the Q scans at 9304eV for m and o
polarization in grazing incidence (incident angle > 0) and grazing
exit (incident angle < 0) geometries. The overlaid fits of the Bragg
peak are obtained using a Lorentzian line-shape and an
exponential background; dashed gray lines show the background
contribution. We observe that the Bragg peak enhancement is
considerably larger for m-polarization than for o-polarization for
both grazing incidence and exit geometries. This corresponds to a
complete reversal compared with previous reports of d,._,»
order'®'®, where o-polarization shows the strongest signal. This
suggests that the behavior underlying the newly observed Bragg
peak corresponds to a different orbital symmetry than in previous
observations. This finding is further highlighted in Fig. 2¢c, which
compares the maximum Bragg peak intensities (symbols)
obtained under the different scattering conditions presented in
Fig. 2a, b with the corresponding calculated RIXS cross-sections as
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a function of 6. By comparing the expectations of the RIXS cross-
sections for a dy>_,» orbital under the same scattering conditions
as in the experiment, see Fig. 2¢, it is immediately clear that the
observed geometric dependence cannot be explained by a
dominant d,._,. orbital character that is typically observed in
the cuprates.

Instead, the enhancement of the Bragg peak intensity with out-
of-plane light polarization indicates the participation of d,
orbitals. Indeed, we find a reasonable agreement with the
calculated RIXS cross-sections for scattering into d,: states with
a spin-flip process. The calculated curves for spin-flip processes
with spins oriented along [001] are shown in Fig. 2d, and are again
compared with the measured Bragg peak intensities. In particular,
the spin-flip scattering involving d,. orbitals correctly predicts the
observed reversal of cross-sections compared with the d,._,> case
in Fig. 2c. This therefore implies a dominant role of the out-of-
plane d, orbitals in the Q= 0.096r.Lu. order. In the supplemen-
tary materials (Supplementary Note 4 and Supplementary Fig. 3),
we present comparisons between additional orbital symmetries
and the observed geometric dependence. These reveal that d,.
orbitals with spins pointing along either [001] or [110] can
reproduce the reversed cross-section behavior with respect to
dy_y» orbitals. We also present there the case of d, orbitals
without a spin-flip process, i.e., involving only charge scattering.
Although the agreement with the experimental data is better than
for the case of d,._,» orbitals, it is still worse than for the case of
d,. orbitals with a spin-flip process. Furthermore, the calculations
highlight that no configuration with in-plane d,._,> orbitals comes
close to reproducing the observed polarization- and angular-
dependence of the Bragg peaks. Differentiating the possible spin
scenarios, and whether there is mixed charge and spin character
to the order, will require additional experimental input, such as a
polarization analysis of the scattered X-rays that goes beyond the
scope of the present work.

The present results therefore establish that the x=0.5 NYN
trilayer hosts a new kind of incommensurate Cu-based order that
strongly involves the d,: orbitals and likely has a mixed spin/
charge character. In the following, we denote it for simplicity as
Cu-d, order.

Resonant elastic X-ray scattering (REXS) study of the Bragg
peak at x=0.5

The Bragg peak of the x=0.5 NYN trilayer due to the Cu density
wave order at Q) =-0.096rlu. and its unusual polarization
dependence have also been observed with REXS experiments?%?’.
In a REXS experiment the energy of the diffracted X-rays is not
analyzed, the Bragg peak of the elastic signal is therefore
superimposed on a background that includes the inelastic signal
and thus is larger than in RIXS. The scattering geometry of the
REXS experiment was adjusted to probe the Bragg peak in the
same configuration as in the RIXS experiments, i.e, at (HKL)=
(—0.096, 0, 1.56). The value of H was scanned while keeping K and
L constant by rotating the sample as well as the detector to vary
the angle of incidence on the sample 6 and the scattering angle
26. Note that L = 1.56 is close to the expected broad maximum of
the Bragg-peak of the quasi-2D CDW order at L = 1.5, especially
considering the finite size broadening of AQ, =0.053r.Lu. that
arises from the small thickness of the YBCO layer of only 6
unit cells.

Figure 3 displays a wide-range H-scan at 9K for both m and o
polarizations, which confirms that the Bragg peak due to the Cu-
d,>» order occurs on both sides of the specular peak at (+0.094, 0,
1.56). Moreover, it shows for both polarizations how the
background has been accounted for with a polynomial function.
Figure 3b displays the background subtracted response for both
polarizations, which highlights a large difference between mand o
polarization in the intensity of the Bragg peaks that confirms the
trend seen in the RIXS data evidencing a predominant d,. orbital
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Fig. 3 Summary of a REXS study of the charge order peaks in a NYN trilayer with x = 0.5, y = 0.25. a Wide-range H-scan at 9 K which
confirms that the Bragg peak due to the Cud,. order is seen on both sides of the specular peak. b Background subtracted scans showing the
strong polarization dependence of the Bragg peaks due to the Cu d,. order that are marked by black arrows. c-e Partial scans of the Bragg
peak around (—0.096, 0, and 1.56) for selected temperatures of 9, 170, and 230 K, respectively. For each temperature, the plotted experimental
data (open circles) represent the average of several consecutively acquired scans. The solid cyan lines denote the total fit. The background
(described with a linear function) is shown as dotted line and the specular peak (Gaussian function) with a dashed line. The obtained Bragg
peak of the Cu d,. order is displayed by a solid red line. Graphs (f) and (g), respectively, display the obtained temperature dependence of
position and area of the Bragg peak of the Cu-d,” order. In graph (g), the dashed red line is a guide to the eye. The propagation of uncertainty
in peak position and area were calculated from the results of the fitting using standard procedures®°.
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character of this Cu density wave order, as discussed in the
previous section and shown in Fig. 2. Note that the width of the
Bragg peak in the REXS data is larger than for the RIXS data in Fig.
1. We suspect that this difference is due to a lateral variation of the
Bragg peak position and the larger beam spot for the REXS
experiments (Hx V: 100 um X 50 um) as compared to RIXS (Hx V:
52 um X 4 um). Evidence for a variation of the Bragg-peak position
in the range of Q= 0.09-0.1 r.L.u. is indeed seen in the RIXS data,
e.g., in Fig. 2 where the values differ between —Q and +Q and in
the SOM (see Supplementary Fig. 6). Note that the RIXS data in the
range of AE < 0.5 eV do not show any inelastic component (see the
intensity map in Fig. 1c) that might be peaked around Q=
0.09-0.1 r.L.u. and thus might contribute to the peak seen in REXS.
Figure 3c—e displays representative curves of a temperature
scan of the Bragg peak that was performed in m-polarization. The
background has been described with a simpler, linear function
that also provides a reasonable description of the background of
the full scan around the specular peak (m-polarization, in Fig. 3a).
Both the Bragg peak due to the charge order and the specular
peak at H=0 have been described with Gaussian functions. The
temperature dependence of the obtained position and area of the
Bragg peak is displayed in Fig. 3f, g. It reveals that the Bragg peak
due to the static Cu-d,. order persists to rather high temperature
and vanishes well above 170K. The Cu-d, order thus has a
somewhat higher onset temperature than the Cu-CDW with d,._,»
character, which develops rather gradually below 150K in bulk
YBCO'®'" and in the range from 120 to 175K in corresponding
YBCO/manganite heterostructures with x = 0.3—0.35>"22,

XAS and resonance of RIXS Bragg peak

We have complemented the above results with X-ray absorption
spectroscopy (XAS) measurements that reveal important differ-
ences between the NYN trilayers for x=0.5 and x=0.35 with
respect to the strength of the interfacial charge transfer and
orbital reconstruction. Figure 4a shows a sketch of the XAS
experiment with X-rays in m or ¢ polarization and an incidence
angle of 30° Information on the interfacial Cu ions and the bulk-
like Cu ions is obtained from the comparison of the XAS spectra
measured in total electron yield (TEY) and fluorescence yield (FY),
respectively. Due to the small escape depth of the photo-excited
electrons of only a few nanometers, the TEY signal arises
predominantly from the Cu ions at the topmost YBCO/manganite
interface. The FY signal, however, is equally sensitive to all Cu ions
and thus representative of the majority of the Cu ions away from
the interface.

Figure 4b, e compares the FY spectra of the trilayers with x =
0.35 and x=0.5. These resemble the spectra of bulk-like YBCO
showing a sharp resonance at 931eV and a strong linear
dichroism towards o polarization (ug) that confirms that the
holes in the CuO, planes away from the interface have
predominantly d,._,» character. The corresponding TEY signal at
x=0.35 in Fig. 4c reveals some remarkable differences with
respect to the FY signal. In particular, a clear redshift of the
resonance by about 0.5eV is observed, as well as a strong
enhancement of the c-axis component p. with m—polarization that
gives rise to a weak inversion of the X-ray linear dichroism (XLD).
Both features were previously observed in YBCO/manganite
multilayers with a similar hole doping of the manganite of x=
0.3-0.35%%, They have been explained in terms of a transfer of
electrons from the manganite to the YBCO and an orbital
reconstruction of the interfacial Cu ions that leads to a
redistribution of holes from the d,._,» to the dp orbitals?*3°,
Moreover, it has been shown that this charge transfer and orbital
reconstruction are robust features that occur at this doping level
irrespective of whether the manganite layer is an itinerant
ferromagnetic®®*° or an AF charge/orbital ordered insulator®?.
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The more remarkable is our finding that for the TEY resonance
of the trilayer with x =0.5 in Fig. 4d both the red shift and the
enhancement of the c-axis signal, and thus the interfacial charge
transfer and orbital reconstruction are strongly reduced compared
to the x=0.35 sample in Fig. 4c. The reduced transfer of electrons
from the manganite to the YBCO layer (or the smaller red shift of
the TEY resonance) is naturally explained in terms of the larger
hole doping of the manganite at x = 0.5, which lowers the Fermi-
level of the manganite and thereby reduces its mismatch with
respect to that of YBCO. The reason for the concomitant
weakening of the orbital reconstruction of the interfacial Cu ions
(i.e., a reduced density of d,2 holes) is less obvious. It may involve
additional effects such as a change of the position of the apical
oxygen ion, which slightly reduces the hybridization of the d,.
levels of the interfacial Mn and Cu ions. A full understanding
requires further theoretical and experimental studies of the
detailed structure of the interface, which hopefully will be
motivated by our work.

Finally, Fig. 4f shows the evolution of the amplitude of the
elastic Bragg peak in the RIXS data at x = 0.5 as a function of the
incident photon energy (see Supplementary Note 5 and
Supplementary Fig. 6 for more details and raw spectra). It exhibits
a clear resonance with a maximum slightly below the resonance of
the TEY-XAS signal (see Fig. 4d) and significantly below one of the
resonance for the Bragg peak at Q= 0.3 at x = 0.35%? and in plain
YBCO?'. This trend is consistent with our interpretation that this
Cu-d, order originates predominantly from the interfacial CuO,
planes. Certainly, it excludes the possibility that the Cu-d,
originates from the CuO chains, for which the resonance would
occur around 933.8 eV3%33, Moreover, a Bragg-peak that arises
from a superstructure of oxygen vacancies in the CuO chains
would persist well above room temperature, in contrast to the
trend shown in Fig. 3g.

DISCUSSION

The present work emphasizes the range of ordered phases that
develop in the high-T, cuprates, and, in particular, suggests that
these can be induced to involve the out-of-plane orbitals, in
contrast to previous observations. This raises important questions
about the coupling mechanism at the cuprate/manganite inter-
face that induces (or enhances) these different orders. It is likely
that Jahn-Teller distortions due to the CE-type charge/orbital order
of the manganite are induced that can be transported into the
cuprate via the interfacial Ba-O layer. In turn, these distortions may
trigger an orbital order of the interfacial CuO, layer through a
variation of the orbital reconstruction along the interface with a
certain alternation to the d,> and d,._,. levels. A lateral ordering of
the d. and d,_, orbitals could also explain the magnetic
component of the Cu-d. order that is suggested by our
calculations. It would give rise to a modulation of the in-plane
AF exchange couplings since the exchange between a pair of
dy>_y2 spins is strongly reduced when one orbital is replaced by a
d, orbital, and even becomes weakly ferromagnetic for spins on
two adjacent d, orbitals*°. Additionally, the Cu-d, order in the
multilayer with x=0.5 occurs despite a reduced density of d,
holes on the interfacial CuO, plane as compared to the multilayer
with x = 0.35, for which the usual d,._,. CDW order prevails. This
suggests that an optimal density of d,. holes, or a particular ratio
with respect to the d,._,. holes, is required to stabilize the Cu-d,
order and might be directly linked to its particularly long
wavelength (small wave vector).

Another interesting aspect concerns the relationship of this Cu-
based density wave order with superconductivity. The magneto-
transport data of the NYN trilayer with x = 0.5 that are detailed in
the (SOM) and reported in Khmaladze et al.>* provide evidence for
a strong granularity of the superconducting order. They also
suggest that the grain boundaries, which break the
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Fig. 4 Charge transfer and orbital reconstruction probed with XAS. a Schematic of the setup for measuring XAS in FY and TEY modes. b-e
Comparison of the XAS spectra at the Cu Ls-edge at 20 K and their X-ray linear dichroism (XLD) for NYN trilayers with x = 0.35 and x = 0.5. The
FY spectra in (b) and (e) represent the response of all Cu ions whereas the TEY spectra in (c) and (d) are governed by the interfacial Cu ions.
Solid symbols show the experimental data and solid lines are fitted Lorentzian functions. The peak at 931 eV arises from the bulk-like Cu ions
whereas the peaks at 930.3 and 930.6 eV are attributed to the interfacial Cu ions. The redshift of the latter with respect to the bulk-like
resonance is due to the transfer of electrons across the NCSMO/YBCO interface. The sign of the XLD of the peaks is shown by the colored
shading: when g, > e (Ugp < Uo) the difference is shaded blue (red). The spectra reveal that the charge transfer and the orbital reconstruction
are considerably stronger at x = 0.35 than at x = 0.5. f Evolution of the intensity in n-polarization of the Bragg peak in the elastic RIXS signal at
Q)= 0.096 r.l.u. of the NYN trilayer with x = 0.5 as a function of the incident photon energy around the Cu L;-edge. It shows that the maximum
occurs at a much lower energy than the one of the corresponding FY-XAS signal and even slightly below the one in the TEY-XAS (see panel
(e)). The propagation of uncertainty were calculated from the results of the fitting using standard procedures (ref. >°).

superconducting coherence and lead to Coulomb-blocking effects interface. They also raise hopes that other exotic Cu-based orders
in the YBCO layer, are related to the domain boundaries of the can be induced by modifying the doping of the cuprate and
Mn-CO in the manganite layers. Indeed, the Coulomb-blockade is manganite layers. In particular, the manganite provides a range of
stronger in NYN trilayers with x = 0.35, for which the Mn-CO order charge, orbital, and magnetic orders for which the interaction with
is weaker and more short-ranged (h|gh density of domain the cuprate remains unexplored. FinaIIy, with electric field gating
boundaries), than in corresponding NYN trilayers with x=0.5 it may even be possible to switch between different Cu-based
(fewer domain boundaries)?*. Interestingly, the induced Cu-based orders at the YBCO/manganite interface to study their relationship
density wave order follows a similar trend as the Mn-CO in that ~ With superconductivity or to develop new device and sensing
the correlation length of the Q= —0.096 r.l.u. order at x = 0.5 with applications.

€ ~ 40 nm exceeds the one of the Cu-CDW with Q~0.3r.lu. atx=

0.35 with § < 10 nm. This fits into the picture that the Mn-CO acts METHODS

as a template for a Cu-based density wave order that is

intertwined with the SC order with common domain boundaries Sample growth and characterization

at which the SC coherence is broken. :’r)il:/)l/scr)s (% n’\::)”\;\(lict;"f(sﬁ’)ahgn?i(zg znsmgngiaiC: ;?7(52?4 :‘n(i;'g(cf 1nyn5]
. . . . »)xMnO3 =05, y=0. =035, y=0.
While many °Pe“ questl0n§ rema?ln, our. findings open new thick LaAlO3 capping layer were grown with pulsed laser deposition (PLD)
routes for exploring the physics of intertwined ordered phases on (001)-oriented LagsSro Al esTaoss0s (LSAT) substrates. Details of the
and demand both further theoretical and experimental work on growth conditions and the sample characterization are given in

the electronic and structural properties of the cuprate/manganite Supplementary Note 1. The electronic transport and magnetization
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measurements showing the superconducting and magnetic properties of
the trilayers are reported in ref. 2%, In particular, for the NYN trilayer with x
=0.5 and y = 0.25 the R-T curve in zero magnetic field exhibits the onset
of superconducting transition below T, = 82 K followed by a steep increase
of the resistance below about 60K that is characteristic of a granular SC
state. In 9 Tesla, a regular superconducting transition occurs with the same
onset temperature that is completed below about 55 K. Note that the SC
transition, which for fully oxygenated and thus slightly overdoped bulk
YBCO is around 90K, is typically reduced for very thin YBCO layers. In bare
thin films this is due to finite size and strain effects as well as related
defects. In addition, for the present multilayers, there is a reduction in the
hole doping of the interfacial CuO, layers that arises due to the transfer of
electrons from the neighboring manganite layers and the missing CuO
chain layer at both the top and bottom interfaces®***

Resonant inelastic X-ray scattering

The RIXS experiments at the Cu Ls-edge were performed at the ADRESS
beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI) in
Switzerland®”28, The scattering angle between the incoming and outgoing
X-ray beams was 130°. The angle §, which gives the projection of transferred
momentum along the surface direction, is defined as zero when the angles
a and B are equal (specular reflection), i.e, 6 =¥ /2 — a. An energy resolution
of 130 meV (full-width at half-maximum) was determined from the elastic
scattering off a carbon-filled acrylic tape. The incident photon energy scale
was shifted in order to match the X-ray absorption spectrum measured in
TEY at ADRESS beamline to the corresponding spectrum obtained at the
XTreme beamline (see below). The energy scale of the incident energies
used for the RIXS data has been corrected accordingly.

All the RIXS data presented in the main text are corrected for self-
absorption assuming same light polarization for the incoming and
outgoing beams. The correction procedure and the case of cross-
polarization is discussed in Supplementary Note 3 of the SOM. The RIXS
spectra used in Figs. 1 and 2 have been then normalized to the integrated
intensity of the dd excitations.

RIXS cross-section calculations

Cross-section calculations for the RIXS process were performed using a
single-ion model following Moretti Sala et al.?®. This calculation takes into
account the atomic symmetries of the core-level p and valence d-orbitals
and the geometry of the experimental setup, namely the m and o
polarization of incident light and the scattering angles of the experiment.
Since measurements were performed at the Cu L-edge, the atomic cross-
sections of the elastic RIXS signal were calculated assuming X-ray
absorption and emission to and from valence d-levels. We show here
calculations for valence states with symmetry d,._,2 or d,.. Calculations for
other d-orbitals have been performed, but are found not to correspond to
the obtained data. (Supplementary Note 4). Processes without a spin-flip
(elastic) and with spin-flip have both been calculated, assuming spin along
the [110] direction for d,>_, states and along both [001] and [110] for d,»
states. In order to compare the calculated cross-section with the observed
RIXS intensities (arbitrary units), a constant conversion factor is applied,
which is given in each of the figure captions.

Resonant elastic X-ray scattering (REXS)

REXS experiments at the Cu Lz-edge (931 eV) were performed at the UE46
PGM-1 beamline of the BESSY Il synchrotron at Helmholtz-Zentrum Berlin
fur Materialen und Energie (HZB) in Germany. The X-ray photodiode from
the diffractometer can move in a continuous way to a large range of angles
and the energy-integrating nature of the photodiode will show the elastic
peak superimposed on a background that includes all the inelastic
components. The scattering geometry of the REXS was adapted to probe
the Bragg peak in similar configuration as RIXS experiments. The errors
were calculated using ref. >°.

X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) and X-ray linear dichroism (XLD) at
the at the Cu Ls;-edge were measured in total electron yield (TEY) and
fluorescence yield (FY) mode at the XTreme beamline of the SLS at the PSI
in Switzerland.*® The angle of incidence of the X-ray beam was set to 30°
such that the response in ¢ polarization, y,, corresponds to the ab plane
response of YBCO, s, = Uy, Whereas the c-axis response, ., is obtained
from the signal in m-polarization, u,=u* according to the geometrical
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factor, .= 1/(u, cos*(0) — o tan®(d)). In Fig. 3b—e the data have been
normalized to the maximum of the polarization-averaged absorption
Havg = Max[(2uq)/3] at the Cu Ls-edge.

DATA AVAILABILITY

The data will be made available upon reasonable request to the corresponding
authors.
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