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Heterostructures of strongly correlated oxides demonstrate various intriguing and potentially
useful interfacial phenomena. We present LaMnOs/SrMnOs superlattices showcasing a new
high-temperature ferromagnetic phase with Curie temperature, Tc~360 K, caused by the
electron transfer from the surface of the LaMnO; donor layer into the neighboring SrMnOs;
acceptor layer. As a result, the SrMnOs(top)/LaMnOs(bottom) interface shows an
enhancement of the magnetization as depth-profiled by polarized neutron reflectometry. The
length scale of charge transfer, Ar=~2 unit cells, was obtained from in situ growth monitoring
by optical ellipsometry, supported by optical simulations, and further confirmed by high
resolution electron microscopy and spectroscopy. A model of the inhomogeneous distribution
of electron density in LaMnQO3s/SrMnQs layers along the growth direction was concluded to
account for a complex interplay between ferromagnetic and antiferromagnetic layers in

superlattices.



1. Introduction

Perovskite heterostructures provide a rich playing field to design and engineer oxide interfaces with
the final goal of searching for interfacial “emergent phases” (EP)! with unusual electronic behavior.
The EPs possess electric and magnetic properties which strongly differ from the properties of the
constituent layers. Prominent examples include: a) a metallic phase between insulating LaAlO3
(LAO) and SrTiOs (STO)?; b) a ferromagnetic metallic (FMM) phase® between two antiferromagnetic
insulators (AFMI) LaMnO3/SrMnOs (LMO/SMO); ¢) FMM phase between the AFMI and a
paramagnetic metallic (PMM) manganites #; d) a superconducting phase between the AFMI and PMM
cuprates®. The formation of interfacial EPs could be controlled by the purposeful change of control
parameters, e.g. hole doping, across the interface according to the bulk phase diagram of the
constituent materials®*. Moreover, the EPs can also be created by deliberate engineering of interfaces,
yielding the optimization of electronic® and/or structural’ properties of heterostructures by insertion
of 1-2 additional unit cells (u.c.), e.g. CaRuOs or LaMnOs, after the manganite (LCMO) layer, or 1
u.c. of LSMO layer in between LAO and STO® or a double Sr-O layers at the LSMO/STO interface®.
In some cases, like a) and c), a direct analogy with the bulk phase diagram is not so evident or still
missing®4. Nevertheless, in all cases, the properties of EPs, are confined within a very narrow
interfacial region of 1-2 u.c. and the EP thickness does not depend on the thickness of the constituting

layers.

Digital (LMO)m/(SMO), superlattices (SLs) with integer number (m, n) of unit cells are artificial
layered systems, in which the temperature of the metal-insulator transition, Tmi, was found to
critically depend on m/n the ratio'®1°. The layered architecture allows one to diminish the A-site
disorder while keeping the averaged Sr-doping, x=n/(m+n), close to the optimal level, i.e. x=1/4 or
1/3, for m=3n or m=2n, respectively. The LMO and SMO layers represent parent compounds of a
prototypic double exchange manganite LaixSrxMnOz (LSMO), in which a random distribution of Sr
ions over A-sites results in an FMM ground state with the highest Tc~370 K, observed in bulk LSMO
with x=1/3. Stoichiometric bulk LMO and SMO are known as A- and G-type antiferromagnets
(AFM), respectively, with the Neel temperatures of Ty=140 K (LMO) and Tn=233-260 K (SM0Q).1"18
The SLs, usually grown by pulsed laser deposition (PLD) and molecular beam epitaxy (MBE),
display electrical and magnetic behavior of bulk LSMO? for very thin LMO and SMO layers, n=1-
2 u.c., whereas for thicker layers, n>3, an insulating ground state is observed. Moreover, an interfacial

FM emergent phase with Curie temperature, Tc~100-180 K, has been detected by polarized neutron



scattering®*® and assigned to the atomically sharp LMO/SMO interface. The reverse interface, i.e.

SMO/LMO was found to be rather rough and not contributing to the magnetic signal?.

It is believed that the EP formation is related to interfacial charge transfer®>2!. Some indications
for electronic/orbital reconstruction at the LMO/SMO interfaces have been revealed by resonant soft
x-ray scattering®® and linear/circular magnetic dichroism at the Mn L2 3-edge??, yielding the estimated
charge leakage length ~1-3 u.c. The driving force for charge transfer, i.e. electrostatic (polar)
mismatch?22 with accompanying interfacial orbital/spin reconstructions?*24, could be influenced by
substrate-lattice mismatch, temperature, oxygen partial pressure, etc. Hence, the growth conditions
might play an important role in the interfacial charge transfer as well as in the EP formation.
Moreover, it would be tempting to probe in situ the evolution of the thickness and charge density

within the layers at the sub-monolayer scale during the growth.

Here we report a novel high-Tc FM phase in LMO/SMO SLs grown by a metalorganic aerosol
deposition (MAD) technique®2° at high oxygen partial pressure, pO,~0.2 bar, allowing an in situ
growth monitoring by optical ellipsometry. Surprisingly, a complex two-phase magnetic behavior
with low-(LTP) and high-temperature (HTP) FM phases with Tc1~160-270 K and Tc2~360 K,
respectively, was observed. The HTP forms at/close to the SMO/LMO interface because of charge
transfer from the electron-rich LMO to the electron-poor SMO layers at a characteristic length scale,

AtE~2 U.C., as shown by Fig. 0, which schematically presents the main experimental results. An inter-
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Fig. 0 Charge transfer at the SMO/LMO interface results in a novel high-Tcinterfacial ferromagnetism: correlations
between in situ optical ellipsometry, ex situ polarized neutron reflectometry and electron-energy loss spectroscopy.



play of AFM and FM interactions, caused by electronic and orbital reconstructions, governed by the

growth procedure and SL design, is discussed.

2. Results and discussion

Fig. 1 displays the in situ monitoring of the ellipsometric phase shift angle, A(t), during the growth
of a single LSMO/STO(100) film and of an SL sample of LMO15/SMOs (n=5), which is in the focus
of this study. After the first 10-13 s of growth the phase shift angle, A, increases almost linearly with
time, yielding a constant phase shift rate, A=dA/dt~0.08°/s, and illustrating a linear relation between
the film thickness, D, and deposition time, t, i.e. a constant growth rate of the film, v=D/t, provided
by the constant supply rate of the precursor solution. Hence, the parameter A, which also reflects the
electronic properties of the LSMO film (will be discussed below), was taken as a measure of the film
thickness. The minimum in A(t) around the first ~10 s of LSMO growth or thickness, Do~3 u.c. (see
Fig. 1a)), is characteristic for all MAD-grown film samples. It is related to the initial growth stage at
the LSMO/STO interface, dominated by the formation of 2D islands®** with a reduced mobility,
resulting in a decrease of A due to a not fully covered surface. After overcoming this region, the
growth is changed into a “step-flow” mode and finalizes in an atomically smooth surface with a mean-

square roughness, csurface~0.2 NM, as evidenced by STM (see Fig. S1 in Supporting Information (SI)).

The growth of the LMO/SMO SL with n=5 (see Fig. 1 b)) starts with 5 u.c. of SMO, followed
by sequential deposition of the LMO15/SMOs/LMO:s/... layers with a total number of bilayers, K=10.
All deposition processes are controlled by pulses of SMO and LMO precursor flux, marked by “blue”
(SMO) and “red” (LMO) colors in Fig. 1b). The resulting A(t) increases linearly within the LMO
layers, reflecting an increase of the layer thickness similar to what was observed during the LSMO
growth (see Fig. 1a). In contrast, the SMO reveals a complex growth behavior with initial fast increase
in A(t), followed by a slowing it down (see the inset in Fig. 1 b)). Note, that during the pauses between
the LMO and SMO pulses the signal A(t) stays constant, indicating no changes in the optical
properties of the already grown LMO and SMO layers.

The ex situ XRD and XRR structural characterization (see Fig. 2) of SL with n=5 (other SLs with
different LMO and SMO thickness, n=1-5, are shown in Fig S2 in SI) reveals the designed epitaxial

SL growth in agreement with the in situ optical data. From the XRR patterns one can clearly see that



a chemical modulation due to the alternating LMO and SMO layers persists even for the SL with the
thinnest SMO layer, i.e. n=1 u.c. (see Fig. S2 in Sl). For n>1 we simulated the measured XRR curves
(see Fig. S3 in SlI) and obtained a good correspondence with an error ~5 % between the nominal
bilayer thickness and that measured by XRR (see Tab. 1). The simulated mean-square-roughness at
the LMO/SMO interfaces, oLmoismo~0.1 nm, and at the surface of the SL, ovac~0.1 nm, were obtained.
They are in line with the measured STM surface roughness, 6=0.2 nm (see Fig. S1 in SI) and with
the atomically sharp interfaces visualized by TEM (see Fig. 3). The out-of-plane c-axis lattice
constants of LMO and SMO layers were obtained from simulations of the measured XRD patterns
(see Fig. S4 in SlI) and summarized in Tab. 1. By comparing them with the corresponding bulk
values®?° the information on the strain state of individual layers in the SL could be obtained. The
simulated c-axis of LMO in the n=5 SL, CLmo-s.=0.388 nm, is smaller than that of a bulk LMO
(Ceuk=0.393 nm) and of a single LMO/STO(100) film, C.mo-Fim=0.390 nm, indicating a small in-
plane tensile stress, e~0.5 %, in the LMO layers. The relatively small out-of-plane pseudocubic lattice
constant of LMO likely infers the absence of in-plane compressive strain in LMO layers in SLs as
well as in single LMO/STO films, grown by MAD under strongly oxidizing MAD conditions,
pO2~0.2 bar. Moreover, the small C-values in films are in quantitative agreement with those of bulk
LMO samples, having an excess of oxygen, i.e. LaMnOsss, and rhombohedral (R-3c) structure.*!
Further, one could suggest that a hole doping in LMO due to 3-oxygen and/or small La deficiency,
i.e. formation of LaMn®*"1.\Mn*xOs+5, may lead to metallic conductivity of LMO. However, the
resistivity, p(T), curves (see Fig. S5 in Sl) reveal an insulating behavior both in the SL with n=5 and
single LMO/STO films, indicating that the hole doping (if any) is rather small, x=0-0.05. The fitted
c-axis lattice parameter of SMO in the n=5 SL, Csmo-s.=0.375 nm, is significantly reduced compared
to the reference bulk value, Csmo=0.3805 nm, indicating a significantly larger tensile stress, e~1.4 %,
in the SMO layers.

The local structural and chemical characterization of the SL with n=5 and K=30 is presented in
Fig. 3. The “high-angle-annular-dark-field” (HAADF)-STEM image in Fig. 3a) infers that the whole
SL consisting of 30 (SMO/LMO) bilayers exactly matches its total designed film thickness of D~220
nm. Moreover, the atomically sharp, flat and structurally similar LMO/SMO and SMO/LMO
interfaces are clearly seen in the high resolution HAADF-HRSTEM image on the left of Fig. 3c), d).
From the intensity profiles of the Sr- and La-atomic columns in EELS, quantified along the growth

direction (see Fig. 3 b)) using a “Voronoi diagram” (see Ref. 35), one can deduce a slightly different



width of these interfaces, i.e. a sharp SMO/LMO interface with a width of w<1 u.c., and a more
diffuse (w~1-2 u.c.) LMO/SMO interface in agreement with the HAADF intensity profile presented
in Fig. S6 in SI. This is also reflected in the asymmetry of these interfaces at the O k edge, E=533-
535 eV, yielding an electronically sharp SMO/LMO and an electronically more diffuse LMO/SMO
interface. Our observations are in contrast with the earlier reports on structurally very asymmetric
interfaces, i.e. smooth LMO/SMO and rough SMO/LMO, reported by May et al'® in the MBE-grown
SLs. It appears that specific MAD conditions such as relatively high deposition temperature and high
pO., favor a high surface mobility of adatoms and ensure a step-flow growth mode evidenced by
STM (see Fig. S1in SI).

Details of the electronic structure were revealed by performing electron energy loss near edge
structural analysis (ELNES) at the Mn L3 and O K edge, presented in Fig. 3c) and 3d), respectively.
It can be seen that the O K edge and Mn L edge are similar to those in bulk LMO and SMO in the
center of each layer®®. To visualize the evolution of the possible band alignment at SMO/LMO
interfaces a 2D mapping of the O K and Mn L3 edges is presented in Fig. 3c) and 3d) like it was
done in Ref. 9, 37. The results show a significant variation of both edges at the interfaces. A clear
broadening of the Mn Ls peak is observed within each SMO layer. It is also readily noticeable that
the first SMO layer right on the STO substrate for the n=5 sample has the same Mn L3 edge as the
other SMO layers (similar broadening). A broadening of the pre-peak at the O K edge and an increase
of its intensity appears systematically in each SMO layer. Furthermore, the features of hybridized
Sr4d-O2p states in the energy range 536-539 eV within each SMO layers are clearly visible,
indicating the absence of significant intermixing or band alignment as the spectrum is identical to that
of bulk SMO. On the other hand, we can notice a distinct difference between the LMO/SMO interface
and the SMO/LMO interfaces in the O K edge spectra, correlated to the change discussed above. The
SMO/LMO interface has a sharp change of fine structure while this change is smoother in the case of
the LMO/SMO interface. This might indicate the presence of charge transfer at the SMO/LMO

interface.

In Fig. 4 we present the temperature- and field-dependent magnetic behavior of the SL with n=5
in comparison with LSMO and LMO single films grown on STO(001) substrates. The LSMO film
(n=0, D=36 nm) shows a classic double exchange magnetism?®38 with a ferromagnetic transition at
Tc=355 K (see Fig. 4a)). Tc was defined® from the minimum of the function TCM=(1/M)(dM/dT),

where “M” means magnetization. The LMO film, in contrast to the A-AFM ground state in the bulk?°,



shows an FM behavior with Tc=160 K. The ferromagnetism in LMO epitaxial films is known to be
stabilized by strain®® and stoichiometric (or over-stoichiometric) oxygen concentration®.. In our case,
likely, a small biaxial tensile strain, e~0.5 %, could be provided by the STO(001) substrate (see Tab.
1) and we assume the absence of oxygen deficiency due to high oxygen partial pressure, pO.~0.2 bar,
within MAD. The magnetic response of an SMO film with d=40 nm was hardly measurable (not
shown) in agreement with the AFM ground state, stabilized additionally by strain*?. The magnetic
hysteresis loop of a single LSMO film, measured at T=5 K and shown in Fig. 4b), confirms an FM
behavior with a very low coercive field, H.(LSMO)=6 Oe, and saturation magnetization, Msat=3.6

us/Mn, in good agreement with Sr-doping level, x~0.33.

Remarkably, the M(T) and M(H) behavior (see Fig. 4 a), b)) in SLs with n>3 differs drastically
from that measured for homogeneous manganite films. For the n=5 SL one can see two well-separated
transitions with Tci<Tc, marking the low (LTP)- and high-temperature (HTP) FM phases,
respectively. Moreover, the significantly decreased saturation magnetization, Msat(5K)~1.5 zs/Mn,
the strongly enhanced coercive field, H;=550 Oe, and a pronounced exchange bias field, Heg~100
Oe (see Fig. 4 b)) all point out the presence of an AFM phase in the n=5 SL at low temperatures. The
HTP FM phase is evidenced by a distinct M(H) loop at 300 K with Msa=0.2 us/Mn and Hc=23 Oe.
At T=160 K both Hc and Msat show an increase as the low temperature FM phase with Tc(LMO)=170
K evolves. Generally, the magnetism in SLs was found to depend crucially on the SMO and LMO
thickness (see Fig. S9 in Sl). For very thin SMO (n=1,2) the magnetic behavior of SLs with high
Tc=347-336 K, large saturation magnetization, Msa=3.5-3.48/Mn, and low coercive fields,
Hc(5K)=8-14 Oe, agrees well with the LSMO-like FM behavior observed in earlier studies.®¢ In
SLs with n>3 the bulk-like magnetism is progressively suppressed and the progressively developing
inhomogeneous AFM/FM behavior (see Fig. 5) is characterized by: a) the coexistence of LTP- and
HTP FM phases; b) the suppression of saturation magnetization; c) the enhanced coercive field and
d) the exchange bias phenomenon. All these data strongly support the claim that there is a boundary
around ner=2 which separates a homogeneous FM behavior (n<2) from a nonhomogeneous FM/AFM
coexistence with LTP and HTP for SLs with n>3. As one can see in Fig. 5a) Tc1 decreases with
increasing the thickness of LMO and approaches a value of Tc~160 K for a single LMO film. Hence,
it is reasonably to assign the LTP to an LMO-like FM phase, stabilized by thickness, epitaxy stress
and high pO.. The progressively enhanced AFM behavior for SLs n>3 (see Fig. 5b)), is related most
probably to the SMO layer, which by increasing the thickness acquires its natural AFM character.



The HTP for SLs with n>3 displays an almost thickness independent Curie temperature, Tco=352-

358 K, thus, indicating a behavior typical for emergent interfacial phases?.

Polarized neutron reflectometry (PNR), measured at T=5 K and magnetic field, B=1 T, reveals
(see Fig. 2b) a large superlattice peak originating from the LMO/SMO bilayer. In PNR measurements,
the “features” of individual reflectivity curves (e.g. oscillations) are due to the nuclear and magnetic
scattering length density (SLD) and thickness of individual layers. Because of the extremely close
nuclear SLDs of LMO and SMO (34.6 x 10® A and 33.6 x 108 A", respectively), almost all contrast
in the PNR seen here must stem from the magnetic contrast across the system. Hence, the
magnetization across the sample must be unequally distributed between the LMO and SMO layers
and this distribution should be highly periodic with each (LMO/SMO) bilayer. For higher
temperatures, because of the very weak magnetic moment and low scattering contrast between the
LMO and SMO layers, almost feature-less PNR patterns were obtained (not shown). In order to fit
the low temperature data, each LMO/SMO bilayer was treated with a single nuclear SLD that is an
average of the LMO and SMO SLDs. The bilayer was then broken down into seven individual layers,
each with a thickness of ~1 nm and the magnetic moment within each layer was varied in order to
best fit the PNR data. From the PNR data and simulations we deduced that the strongest magnetic
moment should be concentrated close to the SMO/LMO interface as shown in Fig. 2c) rather than
homogeneously distributed within the LMO layer. Remarkably, the first 3 u.c. of the LMO layer (after
the SMO) possess almost no magnetic moment, indicating, probably, an AFM or a highly disordered
spin state even at B=1 T. Considering a further increase of magnetic moment within the next 10 u.c.
of the LMO (see Fig. 2c), a strongly inhomogeneous magnetic state within the LMO can be
concluded. The enhancement of the magnetism at the SMO/LMO interface in the MAD grown SLs,
being in contrast with the earlier results®*®, which claimed that enhanced magnetism existed at the
LMO/SMO interface and attributed this behavior to a high interfacial roughness, which is not the case
here. The localization of an enhanced moment at the SML/LMO interface then provides a rational
basis that the observed HTP, with Tc~360 K from magnetic measurements, is the origin for this novel

phase.

The physical reason of the formation of interfacial HTP in LMO/SMO SLs can be deduced from
the in situ growth monitoring by optical ellipsometry, directly superimposed onto the HRTEM
HAADF image as shown in Fig. 6 (here the delays between SMO and LMO precursor pulses in the
A(t) diagram were removed). This approach is additionally supported by the XRR and XRD data (see



Tab. 1), which agree quantitatively with the nominal and TEM-observed thicknesses of the individual
SMO and LMO layers as well as of the whole SL stack. As we have shown above for the reference
single LSMO film with thickness D=5 nm, the linear time dependence of the ellipsometric phase shift
angle, A, allows one to renormalize the time evolution, A(t), into a thickness dependence, i.e.
A=A*(v*t)=A*D, for a constant deposition rate, v. Note that the film thickness, D, was measured
independently by XRR. The obtained “phase shift rate”, A_smo=dA4/dD=0.32°/u.c., is almost constant
along the growth direction (see Fig. 1a)) in agreement with the assumed constant electronic density,
N=1-x, for a homogeneously doped LSMO film. However, if the electronic properties of the LMO or
SMO layers will modify during the SL growth the A signal will be additionally affected by the
“electronic” parameter An(N, D), which reflects the changes in the charge density, N, within the
thickness, D, of the layer. Indeed, one can see in Fig. 1 and 6, a non-monotonous A(D) behavior
within SMO layers for SL n=5. The first 2 u.c. of SMO display a large initial slope,
d4/dD=An(N)~0.4°/u.c., which even exceeds the slope for the following LMO layer, ~0.31°/u.c. This
indicates an enhancement of the interfacial electronic density (optical conductivity) in the SMO,
which otherwise should be much lower compared to the LMO*. As the following 3 u.c. of SMO start
to grow, the phase shift rate abruptly decreases (Fig. 6) and then remains almost constant and small,
An(N,D)~0.1°/u.c., in full agreement with the decreased charge density in an electron-poor SMO.
The integral taken over one bilayer with thickness, A, and normalized to it
AsL=A"1/An(x,D)dD=0.33-0.38"/u.c., deviates little for different SLs and is close to the value for an
individual LSMO film (Fig. 1), ALsmo=0.32"/u.c. All this supports the idea that the ellipsometric
phase shift rate, d4/dD, probes the charge density/u.c. or the averaged doping level, x=n/(m+n),
which nominally should be similar in all SLs. The main difference between the single LSMO film
(n=0) and SLs with n=1, 2, from one side, and SLs with n=3-5, from the other side, is that the charge
density in the latter is not homogeneously distributed within the SL. We have simulated the measured
A(D) behavior for SL with n=5 (for details see S8 in Sl and Ref. 44) by means of a simple optical
model, which takes into account the change of optical constants by consecutive growth of very thin
artificial layers of LMO and SMO. The values of imaginary and real part of the complex refraction
index, n+ix, were calculated from the ellipsometry measurements of LMO and SMO films carried
out at T=900°C (Ref. 45). One can see that allowing the electron transfer at the SMO/LMO interface
by artificial introducing of 2-3 u.c. of electronically rich LMO (“green” curve in Fig. 6, bottom panel)



fits nicely the measured A(D) behavior. Without this assumption the simulated “blue” curve (Fig. 6),

representing the pure SMO behavior, does not fit the measured data.

A qualitative model of the electron density distribution along the growth direction of an
LMO/SMO SL with n=5 is shown in Fig. 6 (bottom panel). Due to the electron transfer across the
SMO/LMO interface, the SMO layers close to the interface acquire electrons, becoming quasi-
optimally doped and ferromagnetic in agreement with the phase diagram of Sr-doped LMO*. Note,
that a driving force for the charge transfer is the polar mismatch as SMO (LMO) possesses a shortage
(excess) of electrons, compensated or at least diminished by spreading the electrons into the SMO
during growth. Another interface LMO/SMO remains electronically sharp as the same driving force
tends to transfer electrons onto the grown surface of LMO to compensate their absence in vacuum.
Our interpretation considers mainly the electrostatic mismatch between LMO and SMO, assuming a
perfect oxygen stoichiometry and the absence of lattice relaxation effects, i.e. Jahn-Teller and
tetragonal distortions. Lattice effects are out of the scope of this paper, but will be considered in the
near future. The formation of oxygen vacancies in SMO and their gradients (flow) into LMO,
potentially diminishing the electrostatic LMO/SMO mismatch, is hardly to (dis)prove experimentally.
However, the strongest magnetization was registered in SMO (Fig. 2) but not in LMO, thus, indicating
no oxygen transport into LMO. Moreover, the in situ ellipsometry infers (Fig. 6) rather low electron
density and, thus, no oxygen vacancies at the grown surface of SMO. Generally, we believe formation
of oxygen vacancies within MAD seems to be unlikely because of high pO2~0.2 bar. Our results are
in good agreement with the earlier theoretical calculations of Calderon et al*’, pointing out the excess
of eg electrons at the surface of an LSMO material, i.e. an electron-rich and LMO-like surface
termination. The scale of such an electron transfer, taken from the ellipsometry-thickness evolution
in Fig. 6, consists of two perovskite cells, Arr~2 u.c.=0.779 nm, and provides a clear physical reason
for the existence of a critical thickness ne=2 u.c., which separates a homogeneous LSMO-like FM

ground state for n<2 and inhomogeneous LTP/HTP state with FM/AFM coexistence for n>3.

The obtained length scale of charge transfer fits well to the theoretical considerations on the
electronic reconstruction and spreading of charge within about 2-3 u.c. at the LSMO surface by
Calderon*’ and at the LaTiOs/STO interface by Okamoto and Millis*®. However, in contrast to the
experimentally measured 2D metallic LaAlIO3/STO? interface and the theoretically proposed
metallicity of LaTiOs/STO* interfaces, the SMO/LMO interfaces in our SLs do not reveal a metallic

behavior but rather show an FM insulating ground state (Fig. S5 in Sl), likely, because of a complex



FM/AFM interplay on the nm-scale. Namely, the observed magnetic decoupling between HTP and
LTP, manifested by two distinct coercive forces in M(H) curves in Fig. 4b), can be explained by a
spatial separation of the interfacial HTP phase by two AFM layers. The first one, located at the right
side from HTP, is composed from the “non-modified” residual 3 u.c. of SMO layer with a small
charge density (see Fig. 6), as well as from the neighboring 3 u.c. of an electron-poor (hole-
overdoped) LMO because of charge conservation during the electron transfer into the SMO. Note,
that the in situ measured A(t) diagrams (Fig. 1) can be viewed as snapshots of charge distribution and
cannot display the following reduction of the electron density in the already grown LMO donor layer.
This scenario is supported by the PNR data, indicating a strongly reduced moment (M=0 in Fig. 2 ¢))
within the 3 u.c. of LMO close to the LMO/SMO interface. Moreover, this is also in line with
decreasing of Tc1 with increasing LMO thickness in Fig. 4: the thicker LMO layer becomes overall

less hole-overdoped and more stoichiometric. The second AFM layer, is located at the left side from

HTP. It is formed within 1 u.c. of SMO due to an electron overdoping as indicated by a very large
ellipsometric phase shift rate, An(N)=0.4°/u.c., in Fig. 6, which even exceeds that of the LMO layer,
An(N)=0.31°/u.c. Finally, the model agrees well with the experimentally obtained distribution of the
O K edge structure close to 535 eV (Fig. 6, middle panel), also displaying the alternation of electron-
rich (“yellow-red”) and electron-poor or hole-rich (“blue”) regions within the SMO and LMO layers,

respectively.

3. Conclusion

In summary, a new high-Tc interfacial FM phase was found in [(LMO)m/(SMO)n]k (n>3) SLs grown
on STO(001) substrates by MAD technique. This emerging phase, being confined within ~2 u.c. of
SMO, results from a charge transfer across the SMO/LMO interface, indicated by the in situ optical
ellipsometry and independently confirmed by the polarized neutron scattering and EELS maps. The
emerging high-Tc ferromagnetism, triggered by an eg-electron transfer from the LMO(donor) to
SMO(acceptor), is caused by a delicate charge balance yielding an optimally electron-doped 2D-
SMO without cation disorder. In situ optical ellipsometry provides a powerful tool not only to monitor
the thickness of the growing layers, but also to get insight into their electronic properties.



4. Experimental section

Sample preparation: [(LMO)m/(SMO)n]k SLs with n=1-5 u.c. and the number of bilayers, K=10-
30, were grown using the MAD technique on TiO,-terminated SrTiO3(001) (STO) substrates.
Commercially available precursors of La-, Sr, and Mn-(acetylacetonates) were dissolved in
dimethylformamide and sprayed by means of a compressed air onto a heated substrate, Ts,,~900°C.
The precursor volume was controlled with an accuracy, V=0.1 pl, (SyrDos liquid dosing units by
HiTec Zang GmbH) which corresponds to a layer thickness, 6~0.01 u.c. The growth rates of LMO and
SMO as well as the exact precursor volumes were determined by growing individual LMO and SMO
films with a thickness d=5-20 nm. As a result, the growth of SLs with layer thickness, n=1-5 u.c., at a
deposition rate, v=0.06-0.1 nm/s, was achieved by sequential deposition from the separate liquid
channels of distinct volumes, corresponding to 12 pl/LMOy.. and 8 ul/SMOu.c. After deposition of
each LMO and SMO layer the time delay, t=12 s and 6 s, respectively, was applied to pump out the
remaining aerosols from the MAD chamber.

Growth monitoring: The growth of SLs was monitored in situ by means of a specially developed
optical ellipsometry setup of “polarizer-modulator-sample-analyzer” (PMSA) type?’. The complex
reflection coefficient, p=rp/rs=tanyxe®, of a linearly polarized He-Ne laser beam, 1=632.8 nm, with
an angle of incidence, 0:=62°, close to the Brewster angle of STO substrate was measured by a Si
photodiode using a lock-in-technique on a fundamental, ®=50 kHz, and second harmonic, 2®w=100
kHz, frequency. The phase shift, A, between the parallel (p-) and perpendicular (s-) component of
the reflected beam, was calculated as A=arctan(lo/l2») (Ref. 27); here l» and l,» are the measured
intensities at the fundamental and second harmonic frequencies. The ellipsometric signal measured
at a Brewster angle of incidence 0g (the p-component of the reflected signal vanishes, rp~0) is known
to be extremely sensitive?’ to the changes of the film’s optical properties. It is used for the in situ
growth monitoring of semiconducting A"BY films?®2° by means of metalorganic chemical vapor
deposition (MOCVD). Considering the vacuum-free character of the MAD technique, the optical
ellipsometry is a unique practical alternative to the reflection high-energy electron diffraction
(RHEED) technique, used for the growth control within PLD and MBE vacuum setups, operating at
much lower pO;<1 mbar.

Structural characterization: The layer thicknesses and the crystallographic structure of the
grown film samples was studied ex situ by means of X-ray reflectometry (XRR) and X-ray diffraction
(XRD) followed by simulations by using the ReMagX program3. Scanning tunneling (STM,
Nanoscope V) and atomic force (AFM, Innova-Bruker) microscopy were used to characterize the
film surface morphology. Scanning transmission electron microscopy (STEM) imaging using high-
angle annular dark fied (HAADF) and electron energy loss spectroscopy (EELS) were performed on a
Titan 80-300 microscope equipped with an aberration corrector for the probe forming lens and an
electron monochromator yielding an energy resolution of 100 meV with a Gatan Quantum
spectrometer. This setup has been used at 300 kV acceleration voltage for imaging with a 20 mrad
convergence angle and a collection angle of 40-95 mrad. For spectroscopy, spectrum imaging was
performed as a line scan at 120 kV acceleration voltage with an exposure time of 0.25 s/pixel and a



dispersion of 0.05 eV/pixel to collect the spectrum at the O K edge (530eV) and at the Mn L 3 edge
(640eV).

Magnetic characterization: Magnetic and resistive measurements were carried out in the
temperature range, T=5-400 K, for external magnetic fields, H=0-50 kOe, by using MPMS (SQUID)
and PPMS from “Quantum design”, respectively. Polarized neutron reflectometry (PNR) was
performed at the PLATYPUS time-of-flight reflectometer at the Australian Nuclear Science and
Technology Organization (ANSTO)3. During PNR measurements, specular scattering geometry is
used to simultaneously probe the nuclear (essentially structural) and magnetic scattering length
densities (SLD) across the sample in the out-of-plane direction32. The reflectivity pattern as a
function of scattering vector, Q=4mnsin(6)/A, (A is neutron wavelength and 0 is a scattering angle)
were modelled to obtain both a profile of the composition and magnetization along the depth of
the sample. To obtain magnetic information, reflectivity was measured for two opposite neutron
spin polarizations, R+ and R-, where the difference in the modelled SLDs between the two spin states
is proportional to the magnetic SLD of the sample. The PNR study was performed on the
[(LMO)15/(SMO)s]10 SL (n=5), which allows the first superlattice diffraction peak, appearing at
Q~8.5¥102 AL, to fall well within the accessible scattering vector detection range. The sample was
field-cooled in 1 T, applied parallel to the neutron spin axis, from 350 K to 5 K and was subsequently
measured at that field value. Higher temperature measurements were made at 225 K and 350 K.
PNR data analysis was performed using the software package SIMULREFLEC33,
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Tab. 1 Structural characteristics of LSMO films (n=0) and (LMO)2/(SMO)nm superlattices

Sample, Overall Bilayer Bilayer Cav, Nm Cwvo, nm | Csmo, Nm | RMSint, | RMSsur,

Nnom (Neff) thickness, thickness, number, (sim.) (sim.) nm nm
nm nm m

LSMO1 (n=0) 5 - - 0.384 - - - 0.2
LSMO2 (n=0) 36.3 - - 0.385 - - - 0.3
1(0.8) 37.5 1.21 32 0.385 - - 0.3 0.2
2(1.8) 31.00 2.032 16 0.386 0.389 0.379 0.1 0.26
3(2.8) 45.29 4.256 11 0.385 0.390 0.377 0.13 0.15
4(3.6) 49.67 4.6 11 0.386 0.388 0.378 0.1 0.3
5(4.8) 71.6 7.26 10 0.387 0.388 0.375 0.1 0.1

(LMO14/SMOs)
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Fig. 1 a) the phase shift angle as a function of deposition time, A(t), for a single LSMO/STO(100) film with overall
thickness, D=5 nm, reveals a linear increase of A after overcoming a transition region of Do~3 u.c. in agreement with a
linear increase of the film thickness at a constant deposition rate, v~0.08 nm/s~0.2 u.c./s; b) the A(t) curve for the
superlattice [(LMO15/SMOs)]10. The intervals, marked with blue and red color, represent SMO and LMO precursor
pulses, respectively, separated by delay time. The zoomed view (inset in Fig. 1 b)) on the 4" (SMO/LMO) bilayer
demonstrates a complex A(t) behavior during the growth of 5 u.c. of SMO and a linear dependence of A during the
growth of an LMO layer.
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Fig. 2: a) X-ray diffraction (XRD) around the substrate STO(001) peak and X-ray reflectivity (XRR) of an SL with n=5;
b) small-angle polarized neutron reflectometry (PNR) of SL n=5, measured @ T=5 K and B=1 T; and c) the modelled
distribution of magnetic moment along the growth direction superimposed on the HRSTEM image.
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Fig. 3 a) STEM-HAADF image of the full superlattice with n=5, the white rectangle at the bottom right corner
represents the region used for EELS measurements; b) compositional profile showing the absence of intermixing
and good quality of the superlattice. All profiles are normalized by their maximum; edges used are Sr L2,;3, La Mas,
Ti Lo,3 and Mn L3. The layer by layer 2D representation of the Mn L3 (c) and O k (d) edge demonstrate the
broadening of the Mn L3 edge within each SMO layer, and a distinct difference in the electronic structure between
the SMO and LMO layers, which is a further sign of the absence of intermixing between the layers.
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Fig. 4: a) M(T) dependences reveal FM transitions @ Tc(LSMO)=355 K and Tc(LMO)=170 K and a two-phase behavior for
SL with n=5; b) M(H) field dependences. LSMO at T=5 K (black curve, right scale) shows low coercive field and
homogeneous FM behavior (Msa=3.6 pus/Mn). SL with n=5 demonstrates a reduced saturation magnetization at 5 K
down to Msat=1.3 ue/Mn (olive) and a drastic increase of coercive field (H.=550 Oe) as well as an exchange bias (Hez=100
Oe). The high-Tc FM phase is evidenced by the M(H) curve at 300 K (Msat=0.2 pus/Mn, Hc=23 Oe); at T=160 K both Hc and
Msat show an increase as the low temperature FM phase with T¢(LMO)=170 K evolves.
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Fig. 6 Top panel: the evolution of the ellipsometric phase shift (left scale) with the film thickness (D=vt) in SL n=5,
directly superimposed onto the corresponding HAADF HRTEM image. The experimental A(D) “yellow” curve is
well reproduced by the simulated one (“green”) under assumption of an electron transfer within the first 2 u.c.
of SMO. The simulated A(D) behavior in SMO layer without charge transfer (“cyan” curve) does not fit to the
measured one. The calculated phase shift/unit cell (“yellow” curve), dA/dD, represents the evolution of electron
density within LMO/SMO layers. Middle panel: the distribution of the O k (d) edge structure close to 535 eV along
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the SMO and LMO layers, respectively. Bottom panel: the modelled distribution of the resulting electron density
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S1. Surface morphology studied by scanning tunneling microscopy (STM).

Examples of the STM surface morphology of the SL with n=3 grown on STO(100) and LSAT
substrates are shown in Fig. S1. One can see typical features of a step-flow growth with one-atomic
height terraces of the width, W~100-200 nm, originating from a miscut of substrates. The values of
surface mean-square STM roughness, RMS=0.2-0.3 nm, measured for different SLs agree well with
XRR simulations (see Fig. S2). Moreover, at the surface of SLs, terminated with LMO layer (the
starting layer was SMO), we observed wave-like vertical corrugations with a height of ~0.02 nm and
the wavelength ~30 nm, spreading across the terrace edges. We believe their presence reflects a long-
range strain relaxation at the surface due to the cooperative Jahn-Teller (JT) distortion in the topmost
LMO layer.
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Fig. S1 STM surface morphology of an SL with n=3, grown on SrTiO3(001) substrate.



S2. X-ray diffraction and X-ray reflectometry (XRR) of SLs with n=1-5.
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Fig. S2 X-ray diffraction patterns around the substrate STO(001) peak and small-angle X-ray reflectivity
(insets) of SLs with n=1-5, grown on STO(001) substrates.



S3. Simulations of small-angle X-ray reflectometry (XRR).
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Fig. S3 The measured (red) and simulated (black) XRR curve of the SL with n=5. Simulations were
performed by means of the program ReMagX [30], which uses the Paratt algorithm to calculate the
XRR spectra of the superlattices. We set the thicknesses of LMO (dimo) and SMO (dswmo) layers as
well as the mean-square roughness (csmorLmo & GLmorsmo) t0 be the same for every bilayer in the SL
to simplify simulations. The roughness of the uppermost layer (LMQ) was simulated separately (cvac).



S4. Simulations of X-ray diffraction (XRD) in the Bragg-Brentano geometry.
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Fig. S4 The measured (black) and simulated (red) 6-26 XRD pattern of the SL with n=5. Simulations
were carried out by means of the program “XrayWW?” [44], which artificially separates the SL into
N layers with corresponding thickness di, chemical composition at the A-place (Ai) and B place (Bi),
roughness i and lattice parameter ci. The intensity ratios of the satellite peaks are determined by
calculating the structural factor, corrected for the dependence of scattering vector on the atomic form
factors and the crystallographic Lorentz factor.



S5. Electrical resistivity of SLs (n=1-5) compared to that of single LSMO and LMO films.
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Fig. S5 Resistivity vs temperature of SLs and thin LSMO/STO and LMO/STO films (d=40 nm).

S6. Details of local structure: HAADF intensity profile and EELS fine structures

The abruptness of the interfaces was analysed by Z-contrast STEM, which is especially sensitive to
the chemical composition at the A-sites of the perovskite lattice. In particular, we defined two basis
vectors (see the inset of Fig. S6) and used them to detect all atomic columns in the underlying annular
dark field Z-contrast image. The atomic column positions have then been refined to subpixel accuracy
by fitting Gaussians to the local intensity maxima. In order to calculate the integral intensity of each
atomic column, a “Voronoi diagram” (see Ref. 35) was calculated as shown exemplarily in red for
one Voronoi-cell of the A-sublattice in the inset. On the right hand side, the Voronoi intensities of
the A-sites are mapped colour-coded, together with their profile along the growth direction, revealing
chemically sharper SMO/LMO interface compared to the LMO/SMO interface. Note, that the length
scale of th “less sharp” LMO/SMO and “sharp” SMO/LMO interfaces is limited to 1-2 u.c. and less

than 1 u.c., respectively.
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Fig. S6: HAADF-STEM image of the SMO/LMO superlattice with the A-site “Voronoi intensity” represented
as a color code for each unit cell on the right hand of the figure, the resulting intensity profile is overlayed
as a white line on top of the STEM image.
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Fig. S7 The Mn L2,3 edge fine structure of the LMO and SMO layers (top panel) shows the presence of
some Mn* ions in the SMO. The O K edge fine structure (bottom) in the LMO and SMO layers
demonstrates a strong difference between the bonding of oxygen in these two layers. The spectra are
similar to the reference spectra of the SMO and LMO (see Ref. 35).
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Fig. S8: Fine structures of the O K edge in the first SMO layer, compared to the subsequent layers of LMO
and SMO as well as of the STO substrate. This shows that the electronic structure in the first SMO layer is
identical to that of each subsequent SMO layers, proving the absence of interdiffusion in the specimen.



S7. Magnetic behavior of SLs with different thicknesses of SMO and LMO compared to the LSMO
film (n=0).
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Fig. S9: a) Temperature dependences of the normalized magnetic moment, M(T)/M(10K), of LSMO (n=0)

and SLs with n=1-5; b) M(H) field dependences at T=10 K for LSMO and SL’s display low coercive field and
homogeneous LSMO-like behavior for SL’s with n=1, 2 and an FM/AFM coexistence for n=3-5;



S8. Ellipsometry model.

The in situ measured ellipsometry signal (see Fig. 6) was simulated by using a simple optical
model, based on the Fresnel coefficients and Snell’s law (see also Ref. 44). The thickness of the SMO
and LMO single perovskite unit cells were taken from the XRD data and simulations, i.e. Dsmo=0.375
nm and DLmo=0.388 nm and the angle of incidence of ¢=62.05. To obtain the “blue” curve in Fig. 6,
which reproduces the optical behavior in the (SMOs/LMO14) without charge transfer, the complex
refractive indices, i.e. nsmo=2.71+i*0.95 and n.mo=2.4+i*0.45 were obtained from the ellipsometry
measurements on single LMO and SMO films with thickness, D=40 nm, grown on STO substrates at
a deposition temperature of T=900°C (Ref. 45). To get the theoretical “green” curve in Fig. 6 we
simulated the electron transfer by modifying the refractive index within first 2 u.c. in each SMO layer

by replacing them with artificial electron-rich layers, having optical parameters of La;-xSrxMnO3

(x=0-1) as shown in Tab. S1.

Tab. S1. Fit parameters used for the optical model for the curve with (blue colour) and without (green
colour) charge-transfer (CT) at the SMO/LMO interface. We used an angle of incidence of ¢=62.05

and refractive indices of nsto=2.34 (substrate) and n.;;=1.00027 (ambient air).

Without CT

With CT

(LaMnO3)14 -layer

numo=2.4 + 0.45i
dimo=5.543 nm

nwmo=2.4 + 0.45i
dimo=5.543 nm

(SrMn0Os3)as -layer

nsmo=2.71 + 0.95i
dsmo=1.802 nm

Doping level Fit parameters
~2 u.c. x=0.1 n1=2.39 + 0.43i
(CT occurring) d1=0.025 nm

x=0.2 n2=2.36 + 0.45i

d2=0.025 nm
x=0.3 n3=2.25 + 0.55i
d3=0.49 nm
x=0.4 ns=2.46 + 0.54i
d4=0.06 nm
x=0.5 ns=2.6 + 0.65i
ds=0.06 nm
x=0.6 ne=2.74 + 0.85i
de=0.06 nm
~1 u.c. x=0.8 n7=2.79 + 0.92i
(decrease of dA/dD down to d7=0.36nm
SMO level)
~2 u.c. x=1 (SMO) ng=2.71 + 0.95i
(usual SMO-layer) dsmo=0.67 nm

Transition SMO ne=2.55 + 0.7i

to LMO-layer ns=0.05 nm

(reconstructed)




Such modified SMO layer consists of ~2 u.c. where the charge transfer itself takes place,
accompanied with unusual increase and maximum in A(D) (Fig. 6). The second part ~1 u.c. is
represented by the following decrease of the slope dA/dD down to the SMO level. For the remaining
2 u.c. SMO we used the same model parameters as in the simulation without a charge transfer. The
refractive indices for those artificial LSMO layers were first taken as in Ref. 44 and then slightly

adjusted to better reproduce the data.
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