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Copper oxide superconductors universally exhibit multiple forms of electronically
ordered phases that break the native translational symmetry of the CuO2 planes.
In underdoped cuprates with correlated metallic ground states, charge/spin stripes and
incommensurate charge density waves (CDWs) have been experimentally observed over
the years, while early theoretical studies also predicted the emergence of a Coulomb-
frustrated ‘charge crystal’ phase in the very lightly doped, insulating limit of CuO2
planes. Here, we search for signatures of CDW order in very lightly hole-doped cuprates
from the 123 family RBa2Cu3O7−� (RBCO; R: Y or rare earth), by using resonant
X-ray scattering, electron transport, and muon spin rotation measurements to resolve
the electronic and magnetic ground states fully. Specifically, Pr is used to substitute Y
at the R-site to systematically suppress the superconductivity and access the extremely
low hole-doping regime of the cuprate phase diagram without changing the oxygen
stoichiometry. X-ray scattering data taken on Pr-doped YBCO thin films reveal an
in-plane CDW order that follows the same linear evolution of wave vector versus hole
concentration as oxygen-underdoped YBCO but extends all the way to the insulating
and magnetically ordered Mott limit. Combined with the recent observation of charge
crystal phase on an insulating surface of Bi2Sr2CaCu2O8+z, our results in RBCO
suggest that this electronic symmetry breaking is universally present in very lightly
doped CuO2 planes. These findings bridge the gap between the Mott insulating state
and the underdoped metallic state and underscore the prominent role that Coulomb-
frustrated electronic phase separation plays among all cuprates.

cuprates | intertwined orders | charge crystals

Following the discovery of high-temperature superconductivity in cuprates (1, 2), early
theoretical studies proposed that multiple forms of electronic symmetry-breaking exist in
lightly doped Mott insulators (3–6). These theoretical predictions were first confirmed
by the discovery of charge and spin stripes in La1.48Nd0.4Sr0.12CuO4 (7). During the
last decade, multiple forms of these symmetry-breaking states have been discovered in all
cuprate high-temperature superconductors (8–17). In many cases, these emergent phases
are intertwined with superconductivity (18–20) in ways that have been investigated from
multiple perspectives (21–28).

The driving mechanisms behind electronic order in the CuO2 planes have been
the subject of longstanding questions that are essential for the understanding of
quantum matter and high-temperature superconductivity in cuprates (29). However,
a consensus on the origin of electronic order has not formed fully, partly because of
key phenomenological differences between the cuprate families of YBa2Cu3O7−y (123)
Bi2Sr2CaCu2O8+z (2212), and doped La2CuO4 (214). In the latter, charge order
cohabits with static spin order to form electronic stripes characterized by Coulomb-
frustrated real-space phase separation and a spatial periodicity directly correlated with
the hole concentration. However, this “real-space Coulomb frustration” scenario has not
found wide applicability in other cuprate families, because of a competing “momentum-
space instability” hypothesis. This alternative model posits that scattering between
itinerant states mediated by strong antiferromagnetic fluctuations is the origin of
electronic order in cuprates (23, 24, 26, 28).

A clear discriminant between these two frameworks is the existence of an electronic
crystal phase in lightly doped and insulating CuO2 planes. This state has been
predicted under the real-space scenario (30) but is incompatible with the momentum-
space scenario, since charge order requires a correlated metallic state with low-energy
quasiparticles and a Fermi surface in the latter model. A recent scanning tunneling
spectroscopy study (31) observed periodic spatial modulations of the electronic density of
states on an insulating surface of Bi-2212, providing fresh evidence for an electronic crystal
state in lightly doped CuO2 planes. This study demonstrates that the phenomenology of
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electronic orders in underdoped Bi-based cuprates needs to be
understood on the basis of the real-space Coulomb frustration
picture. If also confirmed in the insulating regime of Y-based
cuprates, the existence of an electronic crystal state would
significantly impact our understanding of electronic orders in
the CuO2 planes among all cuprates.

To address this question, we turn our attention to the 123
family of RBa2Cu3O7−y compounds (RBCO; R: Y or rare
earth) (2). Among cuprate superconductors, the RBCO family
is one of the most widely studied, owing to their relatively high
critical temperature (Tc) and the ability to change their hole
concentration (p) by varying the oxygen stoichiometry (y) (2, 32).
This ability is uniquely enabled by the crystal structure of RBCO,
with the CuO chain layers providing a charge reservoir for the
CuO2 planes, which form a bilayer around the spacer rare-earth
layer (Fig. 1A). To sidestep challenges in controlling the oxygen
stoichiometry in the chain layer at very low hole doping levels, we
take an alternative route of using Pr-substitution at the Y site in
nearly fully oxygenated (y � 1) samples of Y1−xPrxBa2Cu3O7−y
(YPrBCO) to underdope the material (known phase diagram is
shown in Fig. 1C ). In YPrBCO, the concentration of mobile
carriers in the CuO2 planes is controlled using the unique
ability of low-energy Pr 4f orbitals to effectively sequester holes
from Cu 3dx2−y2–O 2pσ states (33–35). Namely, Pr 4fz(x2−y2)

orbitals hybridize with O 2pπ orbitals to form a Pr 4fz(x2−y2)–
O 2pπ state (36), which binds mobile holes from the CuO2
planes to the Pr sites (37). Fully substituted PrBCO (x = 1)
is known to be insulating and antiferromagnetic (Fig. 1C ),
therefore providing an ideal platform to study electronic orders
down to the Mott limit. In contrast, substitution of other rare
earth elements has marginal impacts on the electronic properties
of YBCO (35), and we also measured HoBa2Cu3O7−y (HoBCO)
and EuBa2Cu3O7−y (EuBCO), as non-Pr controls.

Using resonant soft X-ray scattering (RXS) at the Cu-L3 (2p→
3d ) and Pr-M5 (3d → 4f ) edges on RBCO thin films, we reveal
an in-plane charge density wave (CDW) state across the phase
diagram of YPrBCO, fully extended from the superconducting (x
= 0, 0.275, 0.5) regime to the insulating regime (x = 0.75) and
the Mott limit (x = 1). In PrBCO, our observation of a CDW in
the absence of a Fermi surface and its coexistence with static Neel
order crucially underscores the need for Coulomb frustration to
support charge order in RBCO.

Results

We first present the basic characterization of YPrBCO thin films
with Pr contents x = 0, 0.275, 0.5, 0.75, and 1. The films
were grown using pulsed laser-ablated deposition (PLD) and
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Fig. 1. Experimental characterization of YPrBCO. (A) Crystal structure of the unit cell, containing a CuO2-(Y,Pr)-CuO2 bilayer. (B and C) Known phase diagrams
of YBCO7−y and YPrBCO, respectively. The phase boundaries shown are based on data adapted from refs. 10, 32, and 38. (D) X-ray absorption spectra of
YPrBCO films, showing two main peaks at 931.3 eV and 930 eV for the Cu-L3 and Pr-M5 edges, respectively. (E) Resistivity vs. temperature characteristics of
YPrBCO films; top and bottom panels are plotted on different vertical scales. (F ) Asymmetry spectrum of �SR measured on a PrBCO film at 75 K. (G) Temperature
dependences of the internal field and depolarization rate, determined from fitting the �SR asymmetry spectra at various temperatures. The gray bar indicates
the onset of magnetic order at TN ≈ 250 K. A magnetic volume fraction close to 100% is deduced from weak transverse field (Bext = 75G) measurements.
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structurally confirmed using X-ray diffraction (XRD). Details
of the growth and characterization processes are presented in
Material and Methods. X-ray absorption spectra (XAS) are shown
in Fig. 1D. Two prominent absorption peaks are observed at
931.3 eV and 930.0 eV, corresponding to the Cu-L3 and Pr-M5
resonances respectively. The intensity of the Pr-M5 peak grows
in accordance with higher Pr content x.

Transport properties of the YPrBCO films are displayed in
Fig. 1E. The resistivity vs. temperature curves of the films are
consistent with those reported in the literature (33, 38–40).
The midpoint Tc of the YBCO (x = 0) film is ≈ 90 K, in
agreement with prior reports (10, 32, 41). With Pr substitution,
the midpoint Tc is reduced to 55 K for x = 0.275 and then to 12
K for x = 0.5. For the latter, an upturn in resistivity is manifested
at low temperatures, signaling a metal-insulator transition. The
films with x = 0.75 and x = 1 both show insulating behavior,
the latter being more resistive than the former. The room-
temperature resistivity of the PrBCO (x = 1) film is≈11 m�·cm,
similar to that of lightly Ca-doped YBa2Cu3O6 (42, 43).

We also performed zero-field muon spin rotation (ZF-
µSR) measurements to characterize the magnetic properties of
the insulating end compound PrBCO. As shown in Fig. 1F, the
ZF-µSR time spectrum at 75 K exhibits oscillations that are
indicative of the presence of static magnetic order in the PrBCO
film. By fitting the ZF-µSR spectra using a standard function
(see Material and Methods for detail), we extract the internal
field and depolarization rate as a function of temperature in

Fig. 1G. The internal field shows a sharp onset of static spin
order at TN ≈ 250 K, where the decay rate also peaks. The
latter shows a second rise below ∼25 K due to the additional
ordering of Pr magnetic moments. Both the Cu and Pr ordering
temperatures are consistent with those reported in previous
studies (38, 44). Overall, the electronic and magnetic properties
of the YPrBCO thin films studied here are quantitatively
consistent with previous reports (34, 38, 45, 46), confirming that
Pr-substitution effectively underdopes the CuO2 planes down to
the magnetically ordered, insulating limit (Fig. 1C ).

Fig. 2A shows a series of RXS scans of PrBCO along the Cu-
O bond direction (Qx), taken over a range of photon energies
covering Cu-3d (931.3 eV) and Pr-4f (930.0 eV) resonances. On
top of a smooth background due to fluorescence and the tail of a
specular reflection near Qx = 0, a prominent two-peak structure
appears between |Qx| ≈ 0.2 and 0.4 r.l.u. Gaussian fits of the
RXS profile reveal that the diffraction signatures are composed of
two distinct peaks centered at 0.36 and 0.28 r.l.u (see SI Appendix,
Fig. S1 for line shape analysis). The full-width-at-half-maximum
in both cases is estimated to be ≈0.06–0.08 r.l.u., reflecting
the presence of short-range charge correlations with a spatial
coherence length ξ ≈ 6–7 unit cells or ≈ 25–30 Å. Both
diffraction peaks originate from ordering of the charge degrees
of freedom as confirmed by the photon polarization analysis
(SI Appendix, Fig. S2) (8). Additional azimuthal angle-dependent
experiments indicate that the double-peak structure appears
only along the Cu-O bond direction (SI Appendix, Fig. S3).

A B

C

D

E

F

Fig. 2. Resonant profile of CDW and hybridization between Pr-4f and CuO2 orbitals in PrBCO. (A) Photon energy-dependence of the X-ray scattering data
(momentum scans) for positive Qx . The curves are vertically shifted for clarity. Two curves with data points marked with open circles highlight the RXS scans at
the peak of the Pr- and Cu-resonances. (B) Intensity map representing the resonant behavior of CDW after subtraction of the fluorescence background. The
red-dashed and blue-solid curves on the right show the resonant profile at QCu

CDW and QPr
CDW, respectively. (C and D) Schematics of the two density-waves with

different Cu-3d and Pr-4f orbital contents. The orbitals at the corner and center of the unit cell represent the Cu-3d and Pr-4f orbitals, respectively. (E) Schematic
of the Zhang-Rice singlet state formed upon hybridization of planar Cu-3dx2−y2 orbital and O-2p hole states. (F ) Schematic of the Fehrenbacher–Rice state
formed upon hybridization of Pr-4fz(x2−y2) orbital and surrounding O-2p hole states.
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The correlation length, polarization dependence, and ordering
axis of these diffraction signatures are all consistent with the
characteristics of in-plane CDWs in other cuprates, while the
presence of multiple ordering peaks requires further investigation.

To understand these initial observations, we turn to the photon
energy dependence of the RXS spectra. As shown in Fig. 2A, the
two main diffraction peaks display a surprising evolution with
photon energy. When X-rays are tuned more than 2 eV away from
the Pr and Cu resonances, the peaks vanish (see the profiles at
928.0 and 933.0 eV for examples), indicating that the diffraction
signatures arise from valence band electronic modulations within
the CuO2-Pr-CuO2 bilayer. A similar dual-resonance at both
the Pr-M5 and Cu-L3 edges is also reported for a 3D CDW in x
= 0.3 YPrBCO at L = 1 (47). Despite our scattering geometry
probing different momentum-space (near L = 1.5, see Material
and Methods), the dual-resonance in both cases confirms the
active role of Pr-4f orbitals and validates our strategy of using
Pr-doping to modify the electronic ground state of YBCO.

As can be seen in the intensity color map of Fig. 2B, the first
diffraction peak, hereafter termedQPr

CDW(≈0.28 r.l.u.), resonates
at the Pr-edge, while the second peak QCu

CDW(≈0.36 r.l.u. for
x = 0) is most prominent at the Cu-edge (931.3 eV). The RXS
data shown in Fig. 2 indicate the presence of two electronic
modulations in PrBCO. First, the QPr

CDW peak can be ascribed
to a spatial modulation of the Pr-4f orbital occupation (see
schematics in Fig. 2D). We interpret this signal as arising from
Pr4f -O2pπ hybridized valence states (Fig. 2F ) which have been
proposed within the Fehrenbacher–Rice model (36). Second,
the QCu

CDW peak corresponds to a periodic modulation of the
electronic density in the Cu-3d x2−y2 orbitals (Fig. 2 C and E)
and is thus closely related to the in-plane CDW observed in
YBCO7−y.

To validate this connection, we examine the evolution of our
RXS profile for YPrBCO from the superconducting (x = 0,

0.275, and 0.5) to insulating (x = 0.75, 1) regimes, as shown in
Fig. 3A. For superconducting YBCO (x = 0), the Cu-resonant
CDW order appears at QCu

CDW ≈ 0.3 r.l.u., in agreement with
previous studies of YBCO7−y (10). For intermediate Pr-doping
levels x = 0.275 and x = 0.5, we still observe a single CDW peak
resonating at the Cu-L3 edge, with QCu

CDW shifting to≈ 0.32 and
0.33 r.l.u., respectively (SI Appendix, Figs. S5 and S6). For x ≥
0.75 in the insulating regime, the double-peak structure begins to
appear, with QCu

CDW ≈ 0.36 r.l.u.. Compared to the continuous
increase of QCu

CDW with Pr-doping, the QPr
CDW slightly decreases

from 0.29 r.l.u. in x = 0.75 to 0.28 r.l.u. in x = 1 (Fig. 3 A and
B). The observed doping dependence of QPr

CDW may constrain
the underlying mechanism of the charge modulation in the Pr-4f
states (Fig. 2D), which requires future theoretical investigations.

In contrast to the complex evolution of CDW in YPrBCO,
the RXS profiles for EuBCO and HoBCO films, which serve
as control samples in this study, show only a single CDW peak
at nearly the same position as QCu

CDW for YBCO (SI Appendix,
Fig. S4 for detailed characterization of charge order in EuBCO
and HoBCO). This similarity indicates that rare-earth 4f orbitals
generally play a passive role in the in-plane CDW of RBCO, with
the clear exception of Pr-substitution.

The increase of QCu
CDW with Pr-doping x observed in YPrBCO

(Fig. 3A) corresponds to a linear evolution across the entire range
of hole concentration p. To show this in Fig. 3B, we first plot our
QCu

CDW data for x = 0, 0.275 and 0.5 (red circles) as a function
of p, which is determined from Tc and x using the formula: 1−
Tc/(Tc,max−97x) = 82.6(p−0.16)2 (see details in SI Appendix).
This formula is adapted for YPrBCO from the established Tc vs.
p relation for YBCO7−y (32, 48), by adding a −97x term to
Tc,max to account for its reduction due to Pr-doping, as deduced
by Neumeier et al. via Ca-counterdoping (33, 40). Next, we
plot the QCu

CDW data (diamonds) taken on YBCO7−y from ref.
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linear fit of QCu
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10, along with a linear fit represented by a gray dotted line,
to show that our YPrBCO data (red circles) follow the same
linear evolution versus p in the metallic doping regime. Finally,
we extrapolate this linear fit to the p = 0 limit, and plot our
QCu

CDW data for x = 0.75 and 1 along the fit line, to show that the
linear evolution vs. p plausibly extends into the insulating regime.
This extension indicates that, similar to oxygen-underdoping, Pr-
doping monotonically reduces p toward zero to the Mott limit,
consistent with the insulating and magnetic ground state of our
PrBCO (x = 1) sample. The reduction also agrees with the
published XAS data for YPrBCO (37), which showed essentially
no holes in the Zhang-Rice band for x > 0.8.

To complete the characterization of charge order in our
YPrBCO films, we also explored their temperature dependence.
In PrBCO, the diffraction signatures from the Cu and Pr states
display different dependences on temperature. As shown in SI
Appendix, Fig. S5, the resonant scattering intensity IPr

CDW clearly
decreases with increasing temperature, while ICu

CDW evolves more
gradually all the way up to 300 K (SI Appendix, Fig. S5). This
difference suggests that, while coexisting, these two modulated
states are independent as can be expected from their association to
different degrees of freedom (21–28). Similar to the temperature
dependence of the 3D CDW reported in ref. 47, both IPr

CDW and
ICu
CDW are still present up to at least 300 K. We also note that the

very gradual evolution of ICu
CDW in PrBCO is reminiscent of the

temperature dependence of charge density fluctuations seen in
ref. 49 and therefore could suggest a partly fluctuating nature of
the observed spatial modulations. At intermediate doping levels,
the temperature evolution of ICu

CDW shows a very gradual onset of
the CDW signal at around 200 to 250 K (SI Appendix, Fig. S5),
higher than the onset temperatures observed in YBCO7−y (10).

Discussion

Fig. 4 summarizes our results in an updated phase diagram
for YPrBCO, showing regions associated with several types of
order: 1) antiferromagnetism of the Cu spins, as well as low-
temperature ordering of the Pr spins (red dotted line), both
evidenced by our µSR data (Fig. 1 F and G) in accordance
with refs. 38, 50, and 51; 2) superconductivity, as confirmed by
our transport measurements (Fig. 1E) and consistent with refs.
38 and 50; and 3) charge-ordered phases in both the metallic and
insulating regimes as observed in our RXS data (Figs. 2 and 3).
In addition, the gray squares denote T ∗, which are determined
from nonlinearity onsets in our resistivity vs. temperature data
and associated with the pseudogap order (see SI Appendix, Fig. S7
and references therein).

This phase diagram reveals the persistence of charge modula-
tions in both metallic (x = 0, 0.275, 0.5) and insulating (x =
0.75 and 1) regimes of YPrBCO. At the same time, we emphasize
several phenomenological differences between the charge orders
in these two regimes. First, the charge modulation emerges from
the metallic background and coexists with superconductivity in
the x = 0, 0.275, 0.5 films, while that in the x = 0.75 and 1
films emerges from the insulating background and coexists with
the static spin orders. Second, the Cu-site modulation QCu

CDW
cohabits with the Pr-site modulation QPr

CDW only in the latter
films. Finally, the charge order onsets below TCDW = 100
∼ 250 K in x = 0, 0.275, 0.5 films, while the charge order
intensity is almost temperature-independent in x = 0.75, 1 films
and persists above the room temperature. In sum, the charge
modulation in the metallic regime broadly resembles the CDW
seen in other underdoped cuprates, while that in the insulating

Pr-spin order
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MetalInsulator

Charge crystal

TN

TPr

Fig. 4. Updated phase diagram of YPrBCO. The green region denotes
antiferromagnetic order of the Cu spins, and the red dotted line marks
the onset of low-temperature Pr spin order. Both are observed in our �SR
measurements (Fig. 1 F and G) and in accordance with refs. 38, 50, and
51. The blue region denotes superconductivity, confirmed by our transport
measurement (Fig. 1E) and consistent with refs. 38 and 50. The cyan region
denotes the metallic CDW phase, and the magenta region denotes the
insulating CDW phase (also termed “charge crystal”), both observed in our
RXS data (Figs. 2–5). Gray squares mark the pseudogap onset temperature T∗,
as determined from nonlinear deviations in our resistivity data (SI Appendix,
Fig. S7).

films is reminiscent of the charge crystal phase recently observed
in the insulating surface of Bi-based cuprates (31).

We discuss other noteworthy features in the YPrBCO phase
diagram presented above. First, the CDW phase boundary
rises monotonically with Pr-doping (Fig. 4), in contrast to the
domed boundary of the in-plane CDW for oxygen-underdoped
YBCO (Fig. 1B). Concomitantly, superconducting transition
temperature is suppressed smoothly with Pr-doping without
the 1/8 anomaly observed in the YBCO phase diagram. Also
noteworthy is the apparent coevolution of TCDW and T ∗ with
decreasing p in Fig. 4, which is distinct from their diverging
evolution in Fig. 1B. Further studies are needed to elucidate
what these distinct features of the YPrBCO phase diagram imply
about the fundamental relationships between the different types
of order in high-Tc cuprates. Most importantly, our study reveals
a charge order in the CuO2 planes that pervades the entire
doping range of the cuprate phase diagram, all the way to the
Mott limit. Combined with the recent observation of charge
modulations on an insulating surface of Bi2Sr2CaCu2O8+z (31),
our results support the existence of a common “charge crystal”
phase emerging in the strongly correlated ground state of lightly
doped CuO2 planes.

Regarding the origin of CDWs in cuprates, two main
viewpoints have been adopted over the years (21–28): the real
space Coulomb-frustration scenario and the momentum-space
instability scenario. These competing hypotheses have been
invoked to successfully explain different aspects of the CDW
phenomenology in cuprates. The present results offer important
insights and constraints in this context: The observation of a
spatially-modulated electronic phase in the insulating limit is
fundamentally incompatible with the scenarios that rely on the
presence of the low-energy itinerant states, which are broadly
termed the momentum-space instability scenario (26–28). In-
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stead, the prediction of the charge crystal phases assisted by the
long-range Coulomb interactions in the very lightly doped an-
tiferromagnetic insulators (i.e., real-space Coulomb-frustration
scenario) is compatible with the magnetic insulating ground state
of PrBCO (3, 21, 22).

Materials and Methods
Pulsed Laser-Ablated Deposition of YPrBCO Thin Films. YPrBCO thin films
were epitaxially grown along the c-axis using pulsed laser-ablated deposition
(PLD). To optimize in-plane lattice matching, films with x ≤ 0.5 were grown on
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates and films with x > 0.5 on SrTiO3
(STO) substrates. PLD growth was done using a 248 nm KrF excimer laser with
a fluence of 2 J/cm2. Films were grown using 200 mTorr O2 chamber pressure
and substrate temperatures of 750 ◦C to 800 ◦C. Further details of the PLD
growth process are given in ref. 52. All the films grown had a nominal thickness
of 40 nm, which was set using target-specific growth rates. The growth rates were
determined using atomic force microscopy, by measuring the step heights of
test films after they were chemically etched to create a step edge. The films are
expected to be≈50 % twinned, following the results of other similarly grown
YBCO films (53).

Plasma-Assisted Reactive Sputter Deposition of HoBCO and EuBCO
Films. HoBCO and EuBCO films were deposited on LSAT (100), polished single
crystal substrates. The substrates were heated from 825 ◦C during deposition.
A DC magnetron sputtering source was used with 50 mm HoBCO and EuBCO
stoichiometric targets that had been verified by XRD. The chamber during growth
was 330 mTorr with an argon to oxygen ratio of 1.5 sccm. Once the chamber
settings were stable the DC magnetron sputter gun was ignited and ramped
up to 55 watts over the course of 10 min. Typical growth rates were around 1
nm/min with a final film thickness of 55 nm. After deposition, the chamber was
filled with 500 Torr of ultrahigh purity oxygen and allowed to stand at deposition
temperatures for 10 min. After, power was cut from the heater and the samples
were allowed to cool to room temperature in 500 Torr of oxygen. The critical
temperatures were 92 to 94 K with a current density of 3 MA/cm2 at 77 K.
Electrical transport measurements for HoBaCuO Josephson devices are reported
here (54).

XRD and Transport Characterization of YPrBCO Films. The as-grown films
were characterized using XRD and resistance vs. temperature (R vs. T )
measurements. XRD measurements were done using the θ–2θ method and
show the expected substrates and films. The R vs. T measurements were done
in a He-4 cryostat using an AC resistance bridge and silver contacts in the Kelvin
configuration. Superconducting transitions were observed in the x= 0.275 and
x = 0.5 films, and insulating behavior in the x = 0.75 and x = 1.0 films.
The critical temperatures (Tc ) and R vs. T behaviors are similar to other YPrBCO
films of comparable Pr and oxygen doping (38, 55–57). Similarly grown YBCO
films were shown to be epitaxially bonded to the substrate using transmission
electron microscopy (TEM) in a previous study (58).

Resonant X-ray Scattering Experiments. RXS experiments were performed
in two different beamlines, the UE46-PGM1 beamline of BESSY II at Helmholtz
Zentrum Berlin (x = 0, 0.275, and 1) and the REIXS (10ID-2) beamline of

Canadian Light Source (x = 0.5, 0.75). All RXS measurements were conducted
in ultrahigh vacuum diffractometers with the pressure better than 10−9 torr.
Samples were aligned in situ using (0 0 2) and (1 0 2) Bragg diffractions.
Momentum-space scans were obtained by rocking the sample angle θ around
110◦ or 50◦ at a fixed detector position 2θ = 160◦. This scattering geometry
measures the RXS spectra around the transferred in-plane momentum 0.3 r.l.u.
or −0.3 r.l.u. and out-of-plane momentum 1.5 r.l.u. X-ray absorption spectra
(XAS) were measured by monitoring total electron yields. We used out-of-
scattering-plane (σ ) polarizations for both RXS and XAS measurements unless
specified.

Muon Spin Spectroscopy Experiments. The low-energy µSR experiments
were performed at the µE4 beamline (59) which is part of the Swiss Muon
Source, Paul Scherrer Institut, Villigen, Switzerland. The µSR data have been
analyzed with the help of MUSRFIT (60). Details about the µSR technique can
be found in ref. 61. All the measurements were conducted in ultrahigh vacuum
at a pressure smaller than 10−8 mbar and zero magnetic field conditions. The
decay positron asymmetry spectra were analyzed with the function A(t) =

Aosc cos(γµBintt + φ) · e−λTt + A1 e
−(λLt)β , where Aosc is the coherent

zero field oscillation amplitude, γµ is the muon gyromagnetic ratio, Bint the
internal magnetic field at the muon site, and φ is the phase between the initial
muon spin direction and the decay positron detector.λT,L are the transverse and
longitudinal depolarization rates. β ' 1 except close to the phase transition
where it is close to 2.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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