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Abstract
Due to the strong interactions from multiple degrees of freedom at the interfaces, electron-correlated oxide
heterostructures have provided a promising platform for creating exotic quantum states. Understanding and
controlling the coupling effects at the oxide interface are prerequisites for designing emergent interfacial phases with
desired functionalities. Here, we report the dimensional control of the interface coupling-induced ferromagnetic (FM)
phase in perovskite-CaRuO3/infinite-layered-SrCuO2 superlattices. Structural analysis reveals the occurrence of chain-
type to planar-type structural transitions for the SrCuO2 layer as the layer thickness increases. The Hall and
magnetoresistance measurements indicate the appearance of an interfacial FM state in the originally paramagnetic
CaRuO3 layers when the CaRuO3 layer is in proximity to the chain-type SrCuO2 layers; this superlattice has the highest
Curie temperature of ~75 K and perpendicular magnetic anisotropy. Along with the thickness-driven structural
transition of the SrCuO2 layers, the interfacial FM order gradually deteriorates and finally disappears. As shown by the
X-ray absorption results, the charge transfer at the CaRuO3/chain-SrCuO2 and CaRuO3/plane-SrCuO2 interfaces are
different, resulting in dimensional control of the interfacial magnetic state. The results from our study can be used to
facilitate a new method to manipulate interface coupling and create emergent interfacial phases in oxide
heterostructures.

Introduction
ABO3-type perovskite transition-metal oxides (TMOs)

exhibit a wide variety of fascinating properties due to their
highly correlated d-band electrons; these properties
include high-TC superconductivity, colossal magnetore-
sistance, ferroelectricity, and multiferroicity1–6. Benefiting
from advances in fabrication techniques, the precise
control of layer-by-layer growth of different oxides in the
form of heterostructures or superlattices (SLs) has
become possible7–10. Due to the strong interplay of
multiple degrees of freedom at the interface, the physical
properties of the oxide layer could be significantly dif-
ferent from those of the bulk phase, providing a rich

source of emergent quantum phases with attractive
functionalities11–13. Thus, intensive research has been
devoted to artificial oxide heterostructures, exploring the
effect of interface coupling14,15. Interfacial ferromagnetic
(FM) phases generated from two non-FM materials are of
special importance in both fundamental physics and
potential applications in spintronics16,17.
In this study, we focus on a special SL structure formed

by the perovskite ruthenate CaRuO3 (CRO) and the
infinite-layered cuprate SrCuO2 (SCO). CRO with an
orthorhombic structure is a paramagnetic (PM) metal that
shows unique non-Fermi liquid behavior at low tem-
peratures18,19. Compared with its sister system, the itin-
erant ferromagnet SrRuO3 (SRO), CRO has a stronger
orthorhombic distortion, which causes degeneracy of the
t2g band and a relatively lower near-Fermi-surface density
of states N(EF)

19–21. Thus, CRO maintains the PM beha-
vior down to at least 2 K in both bulk and thin film
forms18,22. On the other hand, bulk SCO is an
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antiferromagnetic (AFM) insulator, with a layered struc-
ture that can be regarded as a perovskite-like framework
with missing apical oxygen ions23,24. When SCO is grown
as a film, a thick film usually shows planar (P)-type oxygen
coordination, where positively charged Sr2+ and nega-
tively charged CuO2− planes are alternately stacked along
the normal direction of the film25,26. Upon reducing the
film thickness, the P-type structure of the SCO layer
transforms to a chain (C)-type structure with the CuO2

2−

planes perpendicular to the film plane to avoid electro-
static polar instability24. Dimensional control of the lattice
structure of the SCO layers and oxygen coordination have
been achieved in both SCO bare films and SCO-involved
heterostructures27,28. Thus, when SCO is grouped with
CRO, the mismatch of apical oxygen and the large polarity
discontinuity may cause additional effects associated with
interfacial reconstruction, leading to unusual properties
that cannot be obtained in bare films or ordinary per-
ovskite/perovskite heterostructures27,29.
Here, highly epitaxial CRO/SCO SLs with a fixed CRO

sublayer thickness and varied SCO sublayer thickness
were prepared on (LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) and
SrTiO3 (STO) substrates. Structural analysis revealed a
C-type to P-type structural transition of the SCO layer
when the layer thickness increased from 1 unit cell (u.c.)
to 4 u.c. in each SL period. Hall and magnetoresistance
(MR) measurements indicated the appearance of the FM
phase at the CRO/C-SCO interface. The maximal Curie
temperature of ~75 K occurred in the SL with full C-type
SCO sublayers, accompanied by the appearance of per-
pendicular magnetic anisotropy (PMA). By dimensionally
controlling the oxygen coordination at the CRO/SCO
interface, the interfacial FM order could be significantly
tuned and finally disappeared at the CRO/P-SCO inter-
face. X-ray absorption (XAS) measurements revealed
significant Ru-to-Cu charge transfer at the CRO/C-SCO
interface, resulting in a much greater hole density in the
CRO sublayers and, thus, FM ordering. Moreover, the
hybridization between Ru and Cu d3z

2
-r
2 orbitals in a

lower bonding band caused preferential d3z2-r2 occupancy
of Ru ions, which was responsible for the PMA of CRO/C-
SCO SLs. Our results provide a feasible way to manipulate
interface coupling and thus form promising interfacial
phases in perovskite/infinite-layered oxide
heterostructures.

Results and discussion
Dimensional control of the lattice structure of SCO
sublayers in CRO6/SCOn superlattices
[(CRO)6/(SCO)n]8 (C6/Sn) SLs, with a CRO sublayer of

6 u.c. and an SCO sublayer of n u.c. in each period, were
epitaxially grown on (001)-oriented LSAT and STO sub-
strates by pulsed laser deposition. The deposition para-
meters were optimized to achieve high-quality and flat SLs

(see Fig. S1 in the Supplementary Materials). As mentioned
above, the SCO layers transferred from the P-type to C-type
structure as the layer thickness decreased (the critical
thickness was 2 ~ 3 u.c. depending on the substrate strain)25.
This caused two types of interfaces in the CRO/SCO het-
erostructures, i.e., the CRO/P-SCO and the CRO/C-SCO
interfaces, as shown in Fig. 1a. To determine the effect of the
dimensionality of the SCO layer on interface coupling, four
C6/Sn SLs with n ranging from 1 to 4 were prepared. The
corresponding X-ray diffraction (XRD) patterns of the SLs
on the LSAT and STO substrates are shown in Fig. 1b, c,
respectively. The (001) main peaks, along with a series of
satellite peaks, were clearly observed; these were the typical
features of the XRD spectra of the SL structure. With
increasing SCO sublayer thickness, the SL0 main peak
showed systematic variation, shifting from 46.44° (or 46.96°)
for the C6/S1 SL to 48.14° (or 49.19°) for the C6/S4 SL on the
LSAT (or STO) substrate. The average out-of-plane lattice
constants of the SLs (cSL) deduced from the SL0 peaks are
summarized in Fig. 1e. The SL0 peak significantly decreased
with increasing SCO thickness, from 3.91Å (or 3.87 Å) to
3.78Å (or 3.70 Å) for the SLs on LSAT (or STO). These
results strongly indicated the structural transition of the
SCO sublayers because P-SCO had a much smaller c-axis
lattice constant (~3.45 Å) than C-SCO (~3.80Å). Generally,
the average cSL of C6/Sn SLs could be effectively expressed
using the formula cSL ¼ ð6 ´ cCRO þ n ´ cSCOÞ=ðnþ 6Þ,
where cCRO and cSCO represent the lattice parameters of the
CRO and SCO sublayers, respectively. Further analysis of the
reciprocal space mapping indicated that the SLs were fully
in-plane strained, similar to what was observed in the bare
CRO films with equivalent thicknesses. For example, the
diffraction spot of the C6/S4 SL (marked by the red arrow in
Fig. 1d) is located just below (or above) that of the LSAT (or
STO) substrate; thus, both SLs were coherently strained to
the substrate without lattice relaxation. This deduction was
also applicable to other samples. Therefore, we considered
that the CRO sublayers in the SLs had the same cCRO as that
of the bare film. Thus, according to the above formula, cSCO
for different SLs could be directly deduced. The cSCO values
were ~3.88 Å for the SCO sublayers in the C6/S1 SL and
~3.46 Å for the SCO layers in the C6/S4 SL (dashed lines in
Fig. 1e); these results were consistent with the reported
values of C-SCO and P-SCO, respectively. Thus, the inter-
face coupling was likely determined by the CRO/C-SCO
connections for the C6/S1 SL and by the CRO/P-SCO
connections for the C6/S4 SL. In contrast, the SCO sublayers
in the C6/S2 and C6/S3 SLs were C-SCO and P-SCO mixed
phases, respectively, presenting intermediate cSCO values.
Further evidence for the thickness-driven structural

transition of SCO was obtained by X-ray linear dichroism
(XLD) measurements acquired in total electron yield
(TEY) mode. The orbital occupancies of the Cu dx2-y2 and
d3z2-r2 orbitals were probed by the XAS spectra obtained
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with in-plane (Iab) and out-of-plane (Ic) polarized X-rays,
respectively. Figure 1f shows the corresponding XAS and
XLD signals for the C6S4 and C6S1 SLs on LSAT. Evi-
dently, for the C6S4 SL, the absorption for photon polar-
ization parallel to the CuO2 sheets (Iab) greatly exceeded
that for polarization along the c axis, i.e., Iab > Ic. This
result was consistent with the orbital configuration of
thick SCO films with P-type structures25,28,29 since the
holes in P-SCO predominantly occupied the planar Cu
dx2-y2 orbital, which strongly hybridized with the O 2p
orbitals in CuO2 layers. However, the C-type SCO results
differed due to the presence of apical oxygen. In this case,
the holes were equally distributed in the dx2-y2 and d3z2-r2
orbitals; thus, the peak intensities of Iab and Ic were nearly
identical. This was the case that we observed in the C6S1
SL. All these features confirmed the high quality of the
C6Sn SLs, with the dimensionally controllable structure of
the SCO sublayers.

Emergent interfacial ferromagnetism in CRO6/SCOn

superlattices
The XRD and XLD analyses indicate the occurrence of

structural transitions for the SCO layer in the SLs as the
SCO layer thickness increases. In general, interface cou-
pling is affected by this phase transition, which results in

changes in the matching/mismatching of apical oxygen
ions at interfaces and polarity discontinuities across
interfaces. We are interested in determining what hap-
pens to the CRO layer, which is in close proximity to the
SCO. The electronic transport properties of the SLs were
measured using the standard four-probe configuration.
Figure 2a shows the longitudinal resistivity ρxx as a
function of temperature (ρxx-T) for the C6/Sn (n= 1–4)
SLs on LSAT. C6/S1 SL has the lowest ρxx and shows
essentially metallic behavior. With increasing n, ρxx gra-
dually increases and becomes completely semiconducting
when n= 3 and 4. Since SCO is highly insulating, the
electronic transport process of SLs should be solely
dominated by the CRO sublayers30. Thus, based on the
different ρxx-T dependences and compared with the
CRO/P-SCO interface, the CRO/C-SCO interface sup-
ports metallic transport. As shown later, the CRO/C-SCO
interface results in a higher carrier density for the CRO
sublayers than the CRO/P-SCO interface.
To explore the emergent phenomenon at the CRO/SCO

interface, we further investigated the Hall transport prop-
erties of the SLs using the Hall-Bar configuration. Generally,
for a ferromagnet, the Hall resistivity can be described by
ρxy ¼ RH � H þ Rs �M, where the first term represents the
ordinary Hall effect and is proportional to the applied

Fig. 1 Stractural characterization of CRO/SCO SLs. a Schematic view of the CRO/C-SCO and CRO/P-SCO heterointerfaces. High-resolution θ−2θ
patterns of C6/Sn SLs on (b) STO and (c) LSAT. SL0 indicates the (002) main peak, and SL−1, SL+1, SL−2, and SL+2 indicate the satellite peaks. d RSM
around pseudo-cubic (103) reflections for C6/S4 SLs on STO (left) and LSAT (right) substrates. e Average c-axis lattice constants of C6/Sn SLs ðcSLÞ and
cSCO as functions of the SCO sublayer thickness (n). f XLD signals of the Cu L2,3 edge for the C6S4 (top panel) and C6S1 (bottom panel) SLs on LSAT,
showing a sharp contrast in orbital occupation.
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magnetic field H, and the second term represents the
anomalous Hall resistivity (ρAHExy ) and proportional to
spontaneous magnetization M. Figure 2b shows the ρAHExy -H
curves for the C6/S1 SL on the LSAT substrate collected at
temperatures ranging from 2K to 100K. The raw Hall
curves for the four SLs can be found in Supplementary Fig.
S2. Notably, the hysteresis loops are clearly observed in the
ρAHExy -H curves measured below 20 K. This hysteresis beha-
vior can be effectively fitted by a modified Heaviside step
function expressed as ρAHExy ¼ 4πRs �M ¼ 4πRs �Ms �
tanhðh � ðH ±HcÞÞ, where Rs, Ms, Hc and h are the AHE
coefficient, the saturation magnetization, the coercive
field and the slope of the ρAHExy -H curve at Hc, respectively
(see Fig. S3 in the Supplement). This result provides solid
evidence for the formation of long-range FM order. The
ρAHExy -H curve measured at 2 K has the highest saturation
ρAHExy of 0.34 μΩ.cm and the largest HC of ~1T. The hys-
teresis loop only closes at the highest field of the present
experiment, indicating a saturation field higher than 9 T for
the C6/S1 SL. This finding is similar to the large saturation
field observed in the SrIrO3-based heterostructures, where
the freezing of phonons at low temperatures was considered
to be the reason for high saturation fields31. As the tem-
perature increases, the HC quickly decreases, and the hys-
teresis loop disappears when the temperature exceeds 30 K.

However, the AHE signals remain visible up to 75 K. As
mentioned above, the transport measurements mainly
reflect the properties of the CRO sublayers. Thus, the
remarkable observation of the AHE signal strongly indicated
the appearance of the FM phase in the original PM CRO
sublayers. A similar trend is also identified from the MR-H
curves. Figure 2c shows the magnetic field dependence of
MR= (RH-R0)/R0 obtained at 2 K to 100 K, where RH and R0
are the longitudinal resistances measured with and without
an out-of-plane field, respectively. Butterfly shaped loops
with two broad peaks at ±HC are clearly observed in the
MR-H curves at low temperatures; these correspond to the
reconstitution of magnetic domains in the SL. The MR at
9 T gradually decreases with increasing temperature, from
2.8% at 2 K to 0.2% at 75 K.
Hall measurements were also performed for other C6/Sn

SLs, and hysteresis behavior was generally observed at low
temperatures (see Supplementary Fig. S4). To reveal the
effect of the SCO structure transition on the AHE, in Fig. 2d,
we plot the anomalous Hall conductivity σAHE

xy (calculated by
σAHE
xy ¼ ρAHExy =ρ2xx) as a function of H at 2 K for the four SLs.

Remarkably, the saturation value of σAHE
xy dramatically

decreases with increasing n, from 0.34 S.cm−1 for C6/S1 SL
to 0.006 S.cm−1 for C6/S4 SL. As reported, the intrinsic
contribution of the AHE is the integral of the negative Berry

Fig. 2 Transport behavior of CRO/SCO SLs. a Temperature-dependent longitudinal resistivity ρxx for SLs on LSAT substrates. b Magnetic field
dependence of the Hall resistance ρAHExy at various temperatures from 2 K to 100 K for the C6/S1 SL on the LSAT substrate. c Magnetoresistance MR

measured at different temperatures for the C6/S1 SL on the LSAT substrate. d Anomalous Hall conductivity σAHExy as a function of H at 2 K for the four

SLs on the LSAT substrate. Inset plot: Close-up images of C6/S3 and C6/S4. e Temperature-dependent anomalous Hall conductivity σAHExy for the four

SLs on the LSAT substrate. f Magnetoresistance of the four SLs on LSAT substrates, measured at 2 K.
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curvature over all occupied states in the entire Brillouin
zone. In this case, ρAHExy follows the formula ρAHExy ¼ SH �
ρ2xxðH ;TÞ �MðH;TÞ, where the coefficient SH is indepen-
dent of H and T for each sample. In Fig. S4d, we plot ρAHExy
(T) as a function of ρ2xxðTÞ for the C6/Sn SLs. Good linear
scaling is observed for the C6/S1 and C6/S2 SLs in the
temperature range below 20 K. This results indicate that the
AHE is mainly determined by the intrinsic contribution and
that σAHE

xy should follow the formula σAHE
xy ¼ SH �MðH ;TÞ,

independent of the scattering rate. The sharp decrease in
σAHE
xy indicates a decrease in magnetization or Berry curva-

ture as n increases for C6/Sn SLs. More importantly, the
σAHE
xy -T curves in Fig. 2e provide information on the tem-

perature dependence of magnetization for each SL. As
demonstrated, the Curie temperature (TC) is the highest
(~75 K) for the C6/S1 SL. It decreases to ~30K when n= 2
and to a value less than 5 K when n exceeds 3. Generally, the
TC of a ferromagnet is closely related to the strength of the
FM exchange interaction. The highest TC observed in the
C6/S1 SL indicates that the emergent FM state tends to
occur at the CRO/C-SCO interface. Along with the occur-
rence of the CRO/P-SCO interface, the interfacial FM order
is strongly weakened and finally disappears, specifically, the
FM exchange interaction in the interfacial CRO layers is
efficiently controlled by the dimensionality of the nearby
SCO layers.
Previous theoretical calculations predicted that a large

tensile strain of 2 ~ 4% would result in an FM ground
state for CRO films32,33. However, this topic remains
debateable34. Structural analysis indicated that the C6/Sn
SLs were coherently strained to the LSAT substrate and
suffered from a very low tensile strain (~0.4%). Thus, the
emergent FM phase of the SLs is unlikely to be caused by
the strain effect. To further confirm this inference, the
transport properties are also measured for the C6/Sn SLs
on STO, which suffers from a relatively large tensile strain
(~1.4%). The corresponding results are summarized in
Fig. S5 in the Supplementary Materials. Hysteresis loops

of the ρAHExy -H curves are still observed for the C6/S1 and
C6/S2 SLs on STO. However, based on the σAHE

xy -T curves,
with the same n value, σAHExy and Tc of the SLs on STO are
significantly lower than those of the SLs on LSAT. For
example, the C6/S1 SL on STO has a Tc of 60 K and a
maximal σAHE

xy of 0.05 S.cm−1, while these are 75 K and
0.34 S.cm−1 for the C6/S1 SL on LSAT. Thus, the inter-
facial FM state is more robust in the SL on the LSAT
substrate, although it suffers from a smaller tensile strain.
A reasonable deduction is that the large tensile strain of
the SLs on the STO substrate tends to induce a greater
proportion of the CRO/P-SCO interface, which hinders
the FM order24.
The dimensional control of the interfacial FM phase is

also reflected by the MR measurements. Figure 2f com-
pares the out-of-plane (OP) MR-H curves at 2 K for the
C6/Sn SLs on LSAT. While the C6/S1 SLs show standard
negative MR with butterfly shaped hysteresis, the other
C6/Sn SLs (n ≥ 2) demonstrate a nonmonotonic MR
dependence with evident positive contributions in the
low-field region. This different MR dependence is similar
to that for the SRO films subjected to different substrate
strains; here, the negative MR was observed for the SRO
films under compressive strain with a magnetic easy axis
along the OP direction, and a nonmonotonic MR was
observed for the SRO films under tensile strain with a
magnetic easy axis deviating from the OP direction35. To
determine the magnetic anisotropy, we further measured
the anisotropic magnetoresistance (AMR) of the C6/Sn
SLs. The experimental setup is shown in the inset plot of
Fig. 3a, where an electric current was applied along the
[100] direction and the magnetic field of 9 T was rotated
in the (100) plane perpendicular to the applied current.
The AMR is defined by AMR= (Rθ-Ry)/Ry × 100%, where
Ry or Rθ is the resistance obtained with the magnetic field
along the [010] direction or forming an angle of θ with the
[010] direction, respectively. Figure 3a shows the AMR
polar plots of C6/S1 SL measured at 2, 5, 10, 20, 50, and

Fig. 3 Anisotropic magnetoresistance of CRO/SCO SLs. a Anisotropic magnetoresistance AMR for the C6/S1 SL on the LSAT substrate measured at
temperatures ranging from 2 K to 100 K with the magnetic field rotated in the (100) plane. The inset plot shows the experimental setup. b Anisotropic
magnetoresistance AMR for the C6/Sn SLs on the LSAT substrates measured at 2 K with the magnetic field rotated in the (100) plane.
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100 K. Although twofold symmetry is observed for all
AMR curves, the two lobe peaks that correspond to the
positions of the minimal resistance in the magnetic field
have a 90° rotation across the Tc. At 2 K, the lobe peaks
appear at θ= 90° (or 270°), with the largest amplitude of
−0.18%. Then, the AMR amplitude gradually decreases
with increasing temperature. Finally, when the tempera-
ture increases to 100 K, the peaks in the two lobes are
horizontally arranged (θ= 0° or 180°). This result suggests
that the magnetic easy axis of C6/S1 SL lies along the OP
direction at low temperatures, where the minimal resis-
tance appears due to the minimal spin-flip scattering
when spins are fully aligned along the applied field. With
increasing temperature, the magnetic field contribution
decreases, and finally, other contributions from the nor-
mal AMR or Lorentz scattering become dominant, caus-
ing 90° rotation of the lobe peaks. Notably, the PMA is
only observed in the C6/S1 SL, which has a robust FM
order. As shown in Fig. 3b, the minimal resistances of the
C6/S2, C6/S3 and C6/S4 SLs all occur at θ= 0° (or 180°) at
2 K. This is possibly because the contribution of spin-flip
scattering cannot overcome the nonmagnetic contribu-
tions in these three SLs with relatively weak FM order.

Origin of interfacial ferromagnetism in CRO6/SCOn

superlattices
The above results indicate that the interfacial FM states in

C6/Sn SLs are strongly dependent on the structure of the
SCO sublayers. To verify the difference in band structure
between the CRO/C-SCO and CRO/P-SCO interfaces, we
measured the soft XAS and XLD spectra around the Cu L-
edge, Ru M-edge and O K-edge for the SLs as well as the bare
films. We initially focused on the changes in the valence
states of the Cu and Ru ions, determined by the XAS results
with a 90° incident angle, as shown in Fig. 4a, b. Evidently, the
Cu L2,3-edges of the C6/Sn SLs are shifted to lower energies
than those of the SCO bare film. A significant left peak shift
of ~0.6 eV is observed for C6/S1 SL, while it is only 0.2 eV for
C6/S4 SL. Correspondingly, compared with the Ru4+ valence
in the CRO bare film, the Ru M2,3-edges show a higher
energy shift of ~0.8 eV for C6/S1 SL and ~0.4 eV for C6/S4 SL.
All these results consistently show that charge transfer from
Ru4+ to Cu2+ occurs at the interface, resulting in Ru4+δ and
Cu2-δ valence states. Generally, charge transfer between
interfacial B-site ions are achieved via the O 2p orbital of
apical oxygen ions. Thus, when the C-type SCO turns into
P-type SCO at the interface, the interfacial charge transfer is
significantly decreased due to the absence of apical oxygen
ions. Moreover, the FM order is also weakened in the CRO/
P-SCO interface as compared to the CRO/C-SCO interface,
as mentioned above. Therefore, the Ru-to-Cu charge transfer
is potentially responsible for the emergent FM state. Ordinary
Hall curves confirmed the hole conduction type of the CRO
sublayers in the SLs; this result was consistent with previous

reports34. Thus, electron transfer from Ru to Cu causes an
increase in the hole density in the CRO sublayers. This result
is directly evidenced by the measurements of the carrier
densities, calculated by the slopes of the ordinary Hall terms.
As shown in Fig. S6, the deduced nh of the CRO sublayers at
50 K is 7.3 × 1020 cm−3 for C6/S4 SL, which gradually
increases to 1.1 × 1021 cm−3 for C6/S3 SL, 2.1 × 1021 cm−3 for
C6/S2 SL and 6.6 × 1021 cm−3 for C6/S1 SL. The 4d ruthenates
CRO and SRO both have a narrow itinerant band composed
of Ru t2g and O 2p orbitals. FM exchange in SRO is generally
understood based on the model of itinerant ferromagnetism,
with a Stoner criterion of IN(EF) larger than 1; I is the Stoner
parameter and N(EF) corresponds to the non-spin-polarized
density of states (DOS) at the Fermi level. Bulk CRO has a
small DOS at the Fermi level due to the large orthorhombic
distortion of RuO6, which results in an IN(EF) lower than 1
and, thus, a PM ground state. The accumulation of holes in
the CRO layer sandwiched by C-SCO layers has possibly
altered the Fermi-level DOS, resulting in an IN(EF) larger
than 1. As a result, an FM ground state is achieved in the C6/
S1 SL, similar to the exotic FM state in proton-intercalated
CaRuO3, as reported by ref. 36. Apparently, due to the sup-
pression of interface charge transfer, the Tc and magnetiza-
tion decrease with increasing n.
In addition to changes in the valence state, charge

transfer may also cause orbital reconstruction. As
mentioned above, Ru-to-Cu charge transfer is mediated
by the O 2pz orbital of the apical oxygen ion. This
causes an overlap of the d3z2−r2 orbitals of the inter-
facial Ru and Cu ions, forming a Ru-O-Cu covalent
bond at a low energy level. To experimentally evaluate
this effect, we performed O K-edge XAS and XLD
studies on the C6/Sn SLs and the SCO and CRO bare
films. Generally, the O K-edge peak stems from electron
excitation from O 1 s core level to unoccupied O 2p
orbitals. The latter are strongly hybridized with the d
orbitals of transition metal oxides near the Fermi level.
In particular, the t2g and eg metal orbitals have π overlap
and σ overlap with the O 2p states, respectively. Thus,
the intensity of O K-edge peaks can reflect the number
of empty d states. Furthermore, this has already been
used to obtain information on the unoccupied states of
Ru 4d orbitals37–39. As shown in Fig. 4c, five resonance
features are identified around the O K-edge. According
to the literature, the peak from 530.2 to 532.2 eV stems
from hybridization with Ru t2g orbitals, which partially
overlaps with the Cu t2g orbitals from 530.2 to 532.2 eV.
The broad peak from 532.4 to 534.8 eV is related to
hybridization with Ru eg orbitals, and the relatively
sharp peak from 534.8 to 537 eV is related to hybridi-
zation with Cu eg orbitals. In the end, the structures
from 537 to 549 eV are derived from the O 2p orbitals
mixed into the (Sr,Ca) 4d, Ru 5 s/5p and Cu 4 s/4p
states. Based on these analyses, we further measured the
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O K-edge XLD spectra around the d orbital-derived
region for the C6/S1 SL. The absorption signal Iab
obtained with X-ray polarization parallel to the [100] or
[010] direction reflects the O 2px or 2py characteristics
hybridized with the Ru dxy and dx

2
-y
2 states. The Ic

obtained with X-ray polarization nearly parallel to the
[001] direction reflects the O 2pz characteristic hybri-
dized with the Ru dxz, dyz and d3z

2
-r
2 states. The nega-

tive XLD signals of (Ic - Iab) around the eg state and the
t2g state are observed for C6/S1 SL, while they are absent
in the case of the CRO bare film (Fig. 4e). These results
indicate that the eg (d3z

2
-r
2 and dx

2
-y
2) and t2g (dxz, dyz

and dxy) orbitals are degenerate by CRO/C-SCO inter-
face coupling. Based on the above analysis of the XAS
and XLD results, a schematic diagram of the electron
configurations at the CRO/C-SCO interface is shown in
Fig. 4f. The strong hybridization between the Ru and Cu
d3z

2
-r
2 orbitals results in bonding (lower energy) and

antibonding (higher energy) molecular orbitals at the
interface; the former is lower than the upper t2g orbital
of Ru ions. Thus, the electrons in the upper t2g orbital
transfer to the Ru-O-Cu bonding orbital. On the one
hand, this enhances the hole density in the CRO sub-
layers, inducing FM order. On the other hand, it causes
the preferred occupancy of the d3z2−r2 orbital, resulting

in perpendicular magnetic anisotropy in C6/S1 SL
according to the Bruno model. All these observations
indicate that dimensional control of the interfacial FM
state in C6/Sn SL is predominantly achieved by mod-
ulating the interfacial charge transfer.

Conclusion
In summary, we successfully induced FM order into the

original PM CRO layers by the proximity of the C-type
SCO layers. The emergent interfacial FM phase processes
with the highest Tc of ~75 K and perpendicular magnetic
anisotropy were confirmed by Hall and magnetoresistance
measurements. The XAS spectra reveal significant charge
transfer from Ru-to-Cu sites at the CRO/C-SCO interface,
which results in an increase in the hole density and, thus,
FM order in the CRO interfacial layers. This also causes
the reconstruction of Ru 4d bands, leading to d3z2−r2
orbital polarization. Dimensional control of the interfacial
FM phase is further achieved by modulating the strength
of the charge transfer at the CRO/SCO interface. We
anticipate that these results can facilitate the dimensional
control of interface coupling and thus form emergent
interfacial phases at perovskite/infinite-layered oxide
heterostructures, establishing a novel platform for exotic
quantum phenomena.

Fig. 4 Spectral characterization of CRO/SCO SLs. Normalized XAS spectra of the Cu L2,3 edge (a), Ru M2,3 edge (b) and O K edge (c) for the C6/S1
SL, C6/S4 SL, SCO and CRO bare films. Normalized XLD spectra of the O K edge for the C6/S1 SL (d) and CRO bare films (e). f Schematic diagram of the
electron configurations at the CRO/C-SCO interface.
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Materials and methods
Thin-film growth
High-quality CRO/SCO SLs were epitaxially grown on

(001)-oriented LSAT and STO substrates by pulsed laser
deposition (KrF, λ= 248 nm). CRO and SCO bare films
were also prepared for comparison. The sample growth
was conducted at 670 °C with an oxygen pressure of 30 Pa
and a laser fluence of 2.5 J/cm2. After deposition, the
sample was cooled to room temperature in the furnace
with an oxygen pressure of 100 Pa. The deposition rates
for the CRO layer and SCO layer were carefully calibrated
via the technique of small-angle X-ray reflectivity (XRR;
see Fig. S1b).

Sample characterization
The surface morphology of the as-prepared films was

evaluated via atomic force microscopy (AFM, SPI 3800 N,
Seiko). The crystal structure was determined by high-
resolution X-ray diffractometry (XRD, D8 Discover, Bru-
ker) with Cu-Kα radiation. Transport measurements were
performed via Quantum Designed physical property
measurement system (PPMS) using a Hall bar geometry
with a width of 200 μm and a length of 1300 μm. The
measurements were performed in DC mode, with an
applied current of 100 μA.

X-ray absorption spectroscopy
XAS measurements were performed at the BL08U1A

beamline in the Shanghai Synchrotron Radiation Facility at
room temperature in total electron yield mode. The XLD
spectra of the oxygen K edge and the cuprate L edge were
measured for the two polarization directions of the linearly
polarized X-ray with an incident angle of 70° to the film
normal. E is the electric field of the X-ray. Iab (E//[100] or
[010]) and Ic (E//[001]) are the absorption intensities
corresponding to the IP direction and the OP direction,
respectively. The measurement temperature was 300 K.
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