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Interplay between magnetism and interface-induced effects in ultrathin manganites
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Optimally doped manganite [La0.67Sr0.33MnO3 (LSMO)] is a ferromagnetic material with perspective use in
applications due to colossal magnetoresistance and Tc around room temperature. However, utilizing LSMO in
thin-film form and complex heterostructures is limited due to the appearance of a magnetic dead layer, but
interfacing LSMO with other transition metal oxides (TMOs) can reduce the magnetic dead layer. For instance,
the LSMO layer in proximity to SrRuO3 (SRO) remains magnetic down to 1–2 u.c. To illuminate this effect, we
study the magnetic properties and orbital anisotropy of ultrathin LSMO deposited on SrTiO3 (STO) compared
with and without an SRO intermediate layer by resonant x-ray spectroscopy. We found that two events occur at
the LSMO-SRO interface: Orbital rearrangement and charge transfer. Both effects cooperate, enhancing in-plane
double exchange in ultrathin LSMO. Based on quantitative analysis and theoretical simulation of the x-ray
spectra, magnetic stability mechanisms in LSMO/SRO are discussed in detail.

DOI: 10.1103/PhysRevMaterials.5.124404

I. INTRODUCTION

Transition metal oxides (TMOs) have been an attractive
area of research and widely studied for the last decades.
Perovskite TMOs possess very complex and fascinating
properties due to strong electronic correlation. Moreover,
dimensionality, strain, and proximity effects induce extraor-
dinary properties in TMO thin films and heterostructures,
which differ from the bulk materials [1]. Perovskite manganite
La0.67Sr0.33MnO3 (LSMO) is one of the TMOs showing the
highest Curie temperature (Tc = 369 K) among manganites in
its bulk form and became famous due to its colossal magne-
toresistance effect [1–4]. Below the transition temperature, it
is a half-metallic ferromagnet demonstrating the remarkable
potential for magnetic memory device applications [5]. In
LSMO, Mn sits in an octahedral site surrounded by six oxygen
atoms MnO6, and the ferromagnetism is mediated through
double exchange (DE) between Mn3+ and Mn4+ ions through
oxygen [6]. While Mn3+ has one electron in the eg orbital,
Mn4+ has a symmetric charge distribution with the t2g band
half-full. The degeneracy of the eg orbital in Mn3+ can be
broken by the Jahn-Teller effect or by strain, resulting in dif-
ferent electronic occupation of x2-y2 and 3z2-r2 orbitals. The
interplay between spin and orbital degrees of freedom causes
diverse magnetic behavior of LSMO and raises possibilities of
its manipulation [6–8].

In the ultrathin films case, it was reported that the mag-
netic and electronic properties of LSMO are dramatically
affected [9–12]. This effect in LSMO film is attributed to a
so-called magnetic dead layer with critical thickness of 5–7
u.c. on SrTiO3 (STO) [13–15]. Different possible explanations
for the absence of magnetism have been reported as orbital
modification at the interface and surface [16–20], octahedral

*cinthia.piamonteze@psi.ch

rotation [21,22], and charge redistribution [23]. X-ray linear
dichroism (XLD) has been widely used to identify the impact
of orbital occupation and orbital modification on magnetism
in ultrathin LSMO films [19–24].

Nonetheless, it has been found experimentally that the
magnetic dead layer thickness in LSMO thin films interfaced
with SrRuO3 (SRO) is reduced [25–28]. SRO is an itinerant
ferromagnetic material (with Tc = 150 K) where, due to the
extended nature of 4d orbitals, the superexchange (SE) cou-
pling occurs between Ru 4d and O 2p. The SRO film also
exhibits a critical thickness of 5 u.c. below which it turns
into a nonmagnetic insulator [29]. Thick SRO film deposited
on STO (001) has an out-of-plane magnetic easy axis [30],
while for LSMO on STO, it is in plane [31]. In LSMO/SRO
heterostructures, Ru 4d couples with Mn 3d via interfacial
oxygen atoms, resulting in antiferromagnetic (AFM) cou-
pling between two ferromagnets [32,33]. The overlap between
transition metal d and O 2p orbitals directly influences the
strength and sign of the indirect magnetic exchange inter-
action; therefore, parameters such as orbital occupancy play
a key role [6–8]. Lv et al. [34] have performed density
functional theory (DFT) calculations showing that LSMO in
contact with SRO undergoes an orbital restructuring which,
in conjunction with charge transfer, stabilizes a robust ferro-
magnetism at LSMO below its critical thickness. However,
currently, no experimental evidence for such orbital recon-
struction is presented.

To understand the influence of SRO on the orbital recon-
struction and charge transfer and linking it to the LSMO
magnetic properties, we investigate here LSMO/SRO bilayers
deposited on STO in comparison with LSMO thin film grown
on STO substrate by means of polarized soft x-ray absorption.
By employing x-ray magnetic circular dichroism (XMCD),
we confirm that the magnetic dead layer is strongly reduced
or absent when the SRO layer is inserted between LSMO
and STO. XLD results show an orbital reconstruction for
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FIG. 1. Ligand field multiplet simulations of x-ray linear dichro-
ism (XLD) spectra for Mn3+. Parameters are given in Table I, where
a single eg electron occupies (a) the x2-y2 orbital or (b) the 3z2-r2

orbital.

LSMO/SRO. However, in the ultrathin limit, the orbital oc-
cupation is similar for all films regardless of the interface. We
discuss how this apparent similarity leads to contrasting mag-
netic properties. In addition, x-ray absorption spectroscopy
(XAS) shows that the Mn mixed valence in LSMO is pre-
served throughout the film thickness when interfaced with
SRO, in contrast to a Mn3+ accumulation in the interface
with STO.

II. EXPERIMENT DETAILS

Epitaxial heterostructures of LSMO/SRO were deposited
on TiO2-terminated STO (001) by pulsed laser deposition
using stoichiometric targets of LSMO (La 66%, Sr 33%) and
SRO. The fourth harmonic of a Nd:YAG laser at a repetition
rate of 2 Hz was used to ablate the target while keeping the
substrate at a temperature of 720 K in an oxygen atmosphere
of 0.1 mbar. The thickness and quality control of films were
monitored in situ during the growth using reflection high-
energy electron diffraction. LSMO films of 2, 4, 8, and 15 u.c.
were deposited on 20 u.c. SRO and are labeled from now on
as 2

20 , 4
20 , 8

20 , and 15
20 , respectively. For comparison, a 4-u.c.-

thick LSMO layer was deposited on nonferromagnetic 3 u.c.
SRO ( 4

3 ). In addition, single layers of LSMO films of varying
thicknesses were deposited directly on STO. The single-layer
LSMO films are labeled as 4

0 , 8
0 , 11

0 , and 25
0 , where the nu-

merators correspond to the LSMO thickness in unit cells.
One unit cell of LSMO and SRO corresponds to ∼0.39 nm
[31]. Structural characterization of the heterostructures was
done by x-ray diffraction (XRD) and x-ray reflectivity (XRR)
measurements using a Bruker D8 Discover diffractometer.

The Mn L2,3-edge absorption spectra were obtained at the
EPFL/PSI X-Treme beamline at the Swiss Light Source [35]
in total electron yield (TEY) mode. The XAS is defined as
the sum of the spectra measured with different polarizations.
The XMCD and XLD were normalized such that the corre-
sponding maximum XAS was at 1. Spectra were measured
in grazing incidence geometry with a 30 ° angle between
the sample plane and incoming x rays. The XMCD spectra
was calculated as the difference between XAS measured with
circularly polarized right and left x rays. The XMCD were
recorded with applied field of 6 T or with 50 mT after sat-
uration at 6 T. The magnetic field was applied parallel to
the x-ray beam. All temperature-dependent XMCD data were
measured after zero-field cooling. Sum rules were applied to

TABLE I. CTM4XAS parameters used for calculation in Fig. 1.

eg occupancy 10Dq Dt Ds � Upd − Udd

x2-y2 1.7 −0.01 −0.16 4 2.5
3z2-r2 1.7 0.01 0.16 4 2.5

XMCD spectra using the following equations for orbital and
spin magnetic moments [36–38]:

morb = 4
∫

L3+L2
(μ+ − μ−)dω

3
∫

L3+L2
(μ+ + μ−)dω

(10 − n3d ),

mspin = 6
∫

L3
(μ+ − μ−)dω − 4

∫
L3+L2

(μ+ − μ−)dω∫
L3+L2

(μ+ + μ−)dω

× (10 − n3d ), (1)

where 10 − n3d is the number of Mn holes, and it was taken
as 5.5 from Ref. [39]. At the end, the spin moment value was
corrected by a factor of 1.5 due to admixture of Mn L2 and L3

edges [40,41].
The XLD spectra were calculated as the intensity differ-

ence between the spectra measured with in-plane E‖ab(Iab)
and out-of-plane E‖c (Ic) polarizations probing the eg x2-y2

and 3z2-r2 orbitals, i.e., Iab − Ic. The measurements were done
with π and σ polarization. While the measurement with σ

polarization corresponds directly to Iab, the π polarization
measurement contains both in-plane and out-of-plane compo-
nents related by the incidence angle. The actual Ic absorption
for 30 ° grazing can be obtained by

Ic = Iπ − Iσ sin230◦

cos230◦ = 4

3

(
Iπ − 1

4
Iσ

)
. (2)

For a quantitative analysis of the experimental XLD, the
hole ratio of eg orbitals was calculated as [42]

X = h(3z2-r2)

h(x2-y2)
= 3Ic

4Iab − Ic
. (3)

The error bars for X were calculated as the standard devia-
tion between different XLD measurements carried out at three
different spots of the samples.

There were two basic ligand field multiplet simulations of
XLD performed using CTM4XAS [43], shown in Fig. 1 for
the single Mn3+ eg electron occupying either the 3d(x2-y2)
orbital [Fig. 1(a)] or the 3d (3z2-r2) orbital [Fig. 1(b)]. The
simulations are for Mn3+ only since Mn4+ does not exhibit
linear dichroism. The simulations were done in D4h symmetry
with charge transfer using the parameters shown in Table I. In
this table, 10Dq corresponds to the cubic crystal field splitting,
while Dt and Ds give the tetragonal distortion. The energy
splitting of the t2g and eg levels are given by 3Ds − 5Dt and
4Ds + 5Dt , respectively. The 3z2-r2(x2-y2) preferential orbital
occupation is induced by positive (negative) sign of Ds and Dt .
Here, � gives the energy difference between the nominal state
d4 and the charge transfer state d5L, where L corresponds to
a hole in the O 2p level. The dependence on LSMO thick-
ness shown in Fig. 6(b) was obtained by linear combination
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FIG. 2. (a) X-ray diffraction (XRD) ω-2θ scans for 2
20 and 15

20 .
(b) XRD reciprocal space map along SrTiO3 (STO) (103) of 15

20 . (c)
X-ray reflectivity (XRR) data and simulated curve for 2

20 .

of the simulations shown in Fig. 1, where the sum of scale
factors = 1.

III. RESULTS

A. Structural characterization

The pseudocubic lattice parameter for LSMO is aLSMO =
3.87 Å, while for STO, it is aSTO = 3.905 Å and aSRO =
3.93 Å for SRO. Figure 2(a) shows a XRD ω−2ϑ scan along
the (001) reflection of STO for 2

20 and 15
20 . The strong and

sharp substrate peak is observed for both samples with LSMO
and SRO film peaks appearing at higher and lower 2θ values,
respectively, as expected from the strain state: tensile for the
LSMO layer and compressive for SRO. The thin films have a
broader peak than the substrate due to the reduced thickness.

To confirm the growth of fully strained film, we obtained
the reciprocal space map around (103), which is shown in
Fig. 2(b). LSMO and SRO peaks are located at higher and
lower Qz than the substrate peak, respectively, in agreement
with Fig. 2(a). All peaks fall at the same Qy value, indicating
perfect in-plane matching and confirming that both layers are
fully strained.

As an indication of the high-quality of the interface, in
Fig. 2(c), the black curve presents the Kiessig fringe pattern
on the 2

20 sample. The thickness determination of each layer
based on fitting of reflectivity curves [Fig. 2(c), blue curve]
agrees with the expected values, and a roughness of 0.1–
0.2 nm was obtained for each layer.

B. Magnetic properties

To capture the Tc of the ultrathin LSMO layers, XMCD
spectra were measured at the Mn L2,3 edge, for both bi-
layers and single layers, at different temperatures, with an
applied field of 50 mT. Here, 50 mT field was chosen to
avoid measuring an “unknown” field since it is not possi-
ble to have absolutely zero in a superconducting magnet.
The XMCD intensity difference, defined as the difference

FIG. 3. (a) Difference between Mn x-ray magnetic circular
dichroism (XMCD) intensity at L3 and L2 edges plotted as a function
of temperature. (b) Mn L2,3 XMCD comparison at two tempera-
tures: 80 and 130 K. Data in (a) and (b) were obtained in grazing
incidence geometry at 50 mT applied after saturation for ultrathin
La0.67Sr0.33MnO3 (LSMO; 2 and 4 u.c. thick) for three different
interface layers (0, 3, and 20 u.c. thick).

between its maxima/minima at the L3 and L2 edges (L3-L2), is
plotted in Fig. 3(a) as a function of temperature. As expected,
4
0 shows no measurable magnetic remanence down to 80 K,
while all other bilayers show magnetic remanence, even the
2

20 , which has an LSMO thickness much below the single film
critical thickness. The temperatures at which XMCD response
vanishes in Fig. 3(a) were found as 130 K for 2

20 and 150 K
for 4

20 and 4
3 . In Fig. 3(b), comparison of XMCD spectra mea-

sured at 80 with 130 K confirms observation from Fig. 3(a)
that the 2

20 has no significant remanence at 130 K, while 4
u.c. LSMO on SRO is still magnetic, and the absolute value
of the remanent moment is the same for 4

3 and 4
20 . Therefore,

Tc values that were found for the bilayers are indeed lower
than Tc in LSMO bulk, but they are clearly higher than Tc of
thin LSMO single film of similar thicknesses, as previously
observed [10]. Thus, we can conclude that LSMO magnetism
recovers in the ultrathin limit when interfaced with an SRO
layer. This recovery happens even for films on 3 u.c. SRO,
where SRO is not ferromagnetic.

Interestingly, the Mn XMCD signal in Figs. 3(a) and 3(b) is
opposite for 4

3 compared with 2
20 and 4

20 . In our geometry, this
indicates that the Mn moment projection along the x rays is
oriented opposite to the field direction for 2

20 and 4
20 , whereas

4
3 is along the field. This sign flip is a direct observation of
the AFM coupling between LSMO and SRO according to
the Goodenough-Kanamori rule [32]. Theoretical calculation
showed that this condition is energetically more favorable than
any other [33,34]. At 4

3 , the Mn moment is parallel to the field
since 3 u.c. SRO is expected to be nonmagnetic [29].

Next, we look at the magnetic properties of the bilayers
for varying LSMO thicknesses while fixing the SRO layer to
20 u.c thick. The XMCD spectra measured at 25 K, 50 mT are
presented in Fig. 4(a), and the Mn hysteresis curves, measured
by XMCD, are presented in Fig. 4(b). Das et al. [44] have
also reported the hysteresis of LSMO/SRO bilayers probed
by XMCD, for thicker LSMO layers, showing similar shapes
as presented here. The data shown in Fig. 4 can be understood
looking them as two subdatasets: the thin LSMO layers ( 2

20

and 4
20 ) and the thicker LSMO layers ( 8

20 and 15
20 ). For the thin

layers, the sign of the XMCD at 50 mT [Fig. 4(a)] evidences
that the Mn moment is opposite to the applied field, as already
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FIG. 4. (a) Comparison of Mn L2,3 x-ray magnetic circular
dichroism (XMCD) data measured at 25 K in grazing in 50 mT after
6 T between La0.67Sr0.33MnO3 (LSMO)/20 SrRuO3 (SRO) bilayers
with different LSMO thickness followed by (b) magnetic hysteresis
at the Mn L3 edge measured in grazing incidence geometry. Arrows
indicate direction of measurements.

observed in Fig. 3. Above 1 T ( 2
20 ) and 2.5 T ( 4

20 ), the magnetic
field is strong enough to rotate the Mn moments leading to a
projection parallel to the applied field, overcoming the AFM
coupling of Mn-Ru [Fig. 4(b)]. For the thicker LSMO layers
( 8

20 and 15
20 ), the Mn moment projection is parallel to the x-ray

beam and to the applied magnetic field for fields >50 mT,
as evidenced both by Figs. 4(a) and 4(b). In addition, it can
be seen from Fig. 4(b) that the thicker LSMO layers are not
completely saturated, possibly because of the AFM coupling
of the interface layers with SRO.

The Mn total magnetic moment was calculated using
Eq. (1) as the sum of spin and orbital contribution. The results
are shown in Fig. 5. The Mn saturated moment for 15

20 in
Fig. 5 has been found to be 2.4 μB, which is less than the
expected value of 3.5 μB [14]. However, the saturated Mn
moment found for 15

3 is 3.1 μB, which is larger than for 15
20 .

The moments in low field are also larger for the layer inter-
faced with 3SRO than with 20SRO, as can be seen in Fig. 5.
The explanation for this difference is that the interfacial layer
of LSMO is always driven antiparallel to the applied field
by coupling with 20SRO in our films regardless of LSMO

FIG. 5. Total magnetic moment Mtot per Mn atom calculated as
a sum of magnetic spin and orbital moment extracted from corre-
sponding x-ray magnetic circular dichroism (XMCD) data at 25 K in
6 T and 50 mT using Eq. (1).

FIG. 6. (a) X-ray linear dichroism (XLD) data collected at Mn
L2,3 edges in grazing at room temperature. (b) Corresponding linear
combination of two simulations labeled as weight of the 3z2-r2 or-
bital. (c) Calculated hole ratio X as a function of La0.67Sr0.33MnO3

(LSMO) thickness calculated from experimental XLD data and from
density functional theory (DFT) calculation from Ref. [34].

thickness [44]. Top layers of LSMO on 20SRO for thicker
LSMO layers tend to align with the field, resulting in the
parallel moment projection observed in Fig. 4(b). Since 3 u.c.
of SRO is nonmagnetic, the AFM coupling at the interface
does not take place, and the moments of LSMO on 3SRO are
larger.

C. Orbital occupation

Lv et al. [34] have performed DFT calculations showing
an orbital reoccupation in Mn at LSMO/SRO in comparison
with single LSMO on STO. To validate these calculations,
we have investigated the orbital occupation using XLD at
Mn L2,3 edges [Fig. 6(a)] comparing two different bilayers
as a function of LSMO thickness. In LSMO, Mn4+ does not
provide any XLD signal since the eg orbital is empty and t2g is
half-full. Therefore, the XLD signal represents the anisotropy
of eg orbital in Mn3+. The spectra in Fig. 6(a) are not well
reproduced by the simulations for single orbital occupation
presented in Figs. 1(a) and 1(b). This is because both orbitals
are partially occupied. Therefore, we simulated the spectra
by making a linear combination of the simulations in Fig. 1,
which is shown in Fig. 6(b). The differences among the XLD
spectra measured for the various bilayers are subtle. In the
following discussion, we focus on the differences at the L2

edge since the XLD spectra is less complex. As seen in Fig. 1,
a single electron at x2-y2 would give a negative XLD at the L2

edge, while 3z2-r2 occupation contributes to a positive XLD
at the L2 edge. We start by discussing the thickest single layer
measured 25

0 . For this film, the XLD shows a down-up feature,
which agrees with the simulation shown in Fig. 6(b), having
the 0.6 weight from the x2-y2 orbital occupied. For three other
films presented ( 4

3 , 15
3 , and 4

0 ), the L2 XLD is positive, which
agrees better with the simulations where 3z2-r2 is occupied in
majority.

For a quantitative interpretation of the XLD spectra, we
have calculated the ratio X between holes at the two eg orbitals
h(3z2-r2)/h(x2-y2), as given in Eq. (3). The values obtained
for X are plotted in Fig. 6(c) as a function of LSMO thick-
ness. Here, X > 1(<1) indicates that in-plane (out-of-plane)
orbitals have higher occupation. The simulation from Fig. 6(b)
agrees with the experimental data in Fig. 6(c), which show

124404-4



INTERPLAY BETWEEN MAGNETISM AND … PHYSICAL REVIEW MATERIALS 5, 124404 (2021)

FIG. 7. Comparison of x-ray absorption spectroscopy (XAS) at
Mn L2,3 edges measured at 300 K between 4 u.c. La0.67Sr0.33MnO3

(LSMO) interfaced with different SrRuO3 (SRO) layers (0, 3, and
20 u.c. thick) and reference data (SrMnO3 and 11

0 ).

the 3z2-r2(x2-y2) orbital more occupied, indeed also show
X < 1(> 1).

From Fig. 6(b), we see that there is a change of orbital
occupation with thickness: 4- and 2-u.c.-thick LSMO films
have out-of-plane orbital ordering, while thicker films have
in-plane orbital ordering. Since LSMO is tensile strained on
STO substrate, from a pure strain point of view, it is expected
that the orbital occupancy should be dominantly from x2-y2

orbitals. Indeed, the X value found for 25
0 matches with this

prediction, and it is in very good agreement with theoretical
DFT calculation for single LSMO film on STO. For thinner
LSMO layers (<8u.c.) deposited on SRO, we find a change
of orbital contribution with a larger 3z2-r2 occupation for
LSMO, also in agreement with the published calculations
[34]. However, the calculated values give ∼15–20% larger
orbital symmetry for 1 u.c. LSMO on SRO, than what we
measure for 2 u.c. of LSMO on SRO.

In contrast to thick LSMO/STO films (LSMO > 4 u.c.),
the XLD shape of 4

0 and the calculated X show out-of-plane
occupation, very similar to 4

3 [Figs. 6(a) and 6(b)]. This agrees
with previous observations of ultrathin single LSMO that
demonstrate orbital occupancy opposite to the one expected
due to pure strain [20,21,24].

D. Charge transfer

Finally, we have also looked at the Mn valence for bilayers
compared with single layers by comparing the XAS at Mn
L2,3 edges. Figure 7 shows XAS spectra for 11

0 , 4
0 , and 4

20 .
The XAS from powder SrMnO3 is also shown as a reference
for Mn4+. From Fig. 7, 11

0 , 4
20 , and 4

3 all have maximum XAS
peaks at a similar energy. The energy position of XAS peaks is
lower than in Mn4+ of the reference sample, which is expected
due to the mixed valence of LSMO [45]. On the other hand,
4
0 has a clear energy shift of ∼0.4 eV toward lower energy,
evidencing a lower Mn valence state in 4

0 than the other films.
Here, we point out that the TEY signal has exponential de-

cay on the electron escape depth. Then consequently, relative

contribution of the buried layers to the total signal decreases
as the film thickness increases. Therefore, it is reasonable to
assume that the energy shift between 11

0 and 4
0 is due to a

higher Mn3+ concentration at the LSMO/STO interface. This
valence change with thickness is in agreement with previous
results [15,23,46,47].

Since the 4-u.c.-thick LSMO layer interfaced with the SRO
layer (20 and 3 u.c.) does not exhibit an energy shift compared
with 11

0 , we conclude that the nominal Mn mixed valence
in LSMO is preserved through the entire thickness in the
LSMO/SRO bilayer. Such a valence stability could be evoked
by increased charge transfer at the LSMO/SRO interface. It is
expected that, due to the extended nature of the Ru 4d orbital,
O 2p hybridizes more with Ru 4d than with Ti 3d [48]. At
the same time, SRO is in the negative charge transfer regime,
meaning that Ru d4 is more likely to accept an electron from
O 2p rather than transferring its own electrons [49].

IV. DISCUSSION

Our XMCD measurements shown in Sec. III B confirm
that the LSMO layer is magnetically dead for the thickness
of 4 u.c. when grown on STO. However, once the ultrathin
LSMO layer is interfaced with the 20 u.c. SRO layer ( 4

20
and even 2

20 ), the magnetic order is restored, indicating that
the dead layer is reduced dramatically. It is important to no-
tice that, even when the SRO layer is not ferromagnetic, the
LSMO ferromagnetism is still preserved, as in 4

3 . In addition,
our results suggest a change in LSMO moment orientation
throughout the layer thickness with the moments close to the
LSMO/SRO interface antiparallel to the applied field and the
top layers parallel to the applied field.

Our films are completely strained, as shown in Fig. 2, and
indeed, the orbital anisotropy measured for 11

0 agrees with
LSMO in tensile strain (Fig. 6). The interface with SRO leads
to out-of-plane orbital occupation, in qualitative agreement
with DFT predictions [34]. However, 4 u.c. LSMO on STO
also shows out-of-plane orbital occupation, in agreement with
previously reported studies [20,21,24]. In summary, 4

0 , 4
3 , and

4
20 show very similar orbital occupation despite their contrast-
ingly different magnetic properties. We discuss in sequence
how this apparently contradicting result can be reconciled.

The out-of-plane orbital occupation in ultrathin LSMO on
STO has been previously observed and associated with C-
type AFM ordering, where the crystal field splitting of the eg

levels lowers the (3z2-r2) orbitals [20]. In addition, the larger
Mn3+ concentration observed at the interface would result in
disrupted FM ordering in plane and loss of metallicity.

Here, SRO on STO grows on compressive strain, and the
energetic levels are such that Ru t2g xz and yz orbitals are lower
in energy [29]. Since in-plane overlap between Mn 3d and Ru
4d is weak, only out-of-plane orbitals can contribute to Mn-
Ru coupling. In LSMO/SRO, this orbital overlap allows for
a three-dimensional electronic structure, hindering quantum
confinement effects [25]. The hybridized Mn 3d 3z2-r2 orbital
drops below the x2-y2, changing the sign of LSMO XLD, as
observed here. Furthermore, the LSMO/SRO interface hinders
the Mn valence reduction observed at the LSMO/STO inter-
face, and the nominal LSMO valence is preserved throughout
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the film thickness. In summary, the hybridization with the
Ru orbitals coming from the orbital reconstruction, together
with the preservation of the Mn valence, help in reducing the
LSMO magnetic dead layer. In addition, the remaining Mn
x2-y2 occupation still allows for a strong Mn DE in plane.

V. CONCLUSIONS

We have revealed the large impact of proximity and dimen-
sionality, resulting in the magnetic dead layer in LSMO/SRO
bilayers being drastically diminished. This restoration of mag-
netism in the ultrathin LSMO layer could be associated with
strong hybridization between LSMO and SRO, hindering the
quantum confinement effect. Even though the Mn orbital oc-
cupation in ultrathin layers probed by XLD is the same, this
orbital rearrangement has different origins and consequences.

In LSMO/SRO bilayers, it allows for a strong hybridization
at the LSMO/SRO interface, leading to an effective Mn-Ru
coupling. Additionally, in LSMO/SRO bilayers, in contrast to
LSMO single layers, the Mn valence is maintained throughout
the thickness, allowing for the preservation of the DE coupling
in plane.
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