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Charge Transfer Control of Emergent Magnetism at

SrMnO;/LaMnOj Interfaces

Jan Philipp Bange, Viadimir Roddatis, Leonard Schiiler, Fryderyk Lyzwa, Marius Keunecke,
Sergei Lopatin, Vitaly Bruchmann-Bamberg, and Vasily Moshnyaga*

Emergent phases at the interfaces in strongly correlated oxide heterostruc-
tures display novel properties not akin to those of constituting materials. The
interfacial ferromagnetism in (LaMnOj3),,/(SrMnOj3),, (LMO),,,/(SMO),, super-
lattices (SLs) with antiferromagnetic bulk LMO and SMO layers is believed

to be a result of the interfacial charge transfer (CT). By using in situ optical
ellipsometry, it is demonstrated directly that CT and emergent magnetism in
(LMO),,/(SMO),, SLs are controlled by the LMO/SMO thickness ratio, chosen
as m/n =1 and 2. The enhanced CT in SLs with m/n = 2 favors the high-Tc
emergent ferromagnetism with T¢ = 350-360 K, whereas the reduced CT

in m/n =1 SLs suppresses it yielding Tc = 300 K. A complex dependence of
the saturation magnetization as a function of interface density A = (m + n)™
with minima at A = 0.11 (m/n = 2) and A = 0.25 (m/n = 1) was observed

and rationalized by the competition of ferromagnetic and antiferromagnetic
contributions, originating from the volume of LMO and SMO layers as well as
from the LMO/SMO interfaces. The role of epitaxy stress and MnOg octahe-

cial magnetic and electric phenomenal'™

not present in the constituting layers. As
the interplay of charge, spin, and lattice
degrees of freedoml®! is believed to con-
trol phase transitions in bulk correlated
materials, their interfacial reconstructions,
should serve as guiding mechanisms
for emergent phenomena. In particular,
the charge transfer (CT)/leakage at the
interfacel®”] with a following electronic
reconstruction of them was thought to
be intimately coupled to the formation
of emergent phases. The (LaMnOs),,/
(StMnOs), (LMO,,/SMO,) SLs can be
viewed as one of the most intensively
studied oxide heterostructures.! A long-
term interest to them was motivated by
the observations of interfacial or emergent

dral tilts in the emergent magnetic behavior is discussed.

1. Introduction

Heterostructures of strongly correlated oxides provide a rich
material platform for searching and tuning of emergent interfa-
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ferromagnetism, ' associated with the
chemically sharp LMO(top)/SMO(bottom)
interfaces.l%l Very recently, we reported
a high temperature emergent ferromag-
netic phase with Curie temperature T¢ = 360 K at the SMO/
LMO interfaces, originated from the interfacial CT from the
electron-rich LMO to the electron-poor SMO layers.

An important but rather rarely addressed question is whether
CT can be additionally influenced or controlled by the growth
design of SLs, e.g. by tuning the thickness ratio of constituting
layers. Garcia-Barriocanal et al.”) have demonstrated that charge
leakage in (LaMnOs),,/(SrTiO3), (LMO,,/STO,) SLs, indicated
by the formation of Ti** within the STO layers, is favored in the
SLs with a large thickness ratio LMOy,/STO, and is suppressed
when this ratio is small LMOy;/STOy,. Moreover, the LMO
layers in SLs with a large thickness ratio (17/2) were found to be
relaxed but those in SLs with small ratio (7/5) were coherently
strained. Likely, a correlation between the CT and strain state in
the LMO/STO SLs could be envisioned. In addition, it is known
that magnetic properties of, e.g., LMOg/SMO, SLs,3 can be
influenced by the epitaxy strain actuated by the chosen substrate,
i.e., STO, LSAT, or LaAlO; (LAO). Namely, a small tensile strain
in case of STO (asto = 0.3905 nm) or an almost strain-free state
for the lattice matched LSAT (a;sar = 0.3868 nm) both promote
ferromagnetism. In contrast, a compressive strain produced by
the LAO substrate (a;ao = 0.3787 nm) suppresses ferromagnetic
ground state. However, the development of emergent magnetic
phenomena in a wide range of LMO,,,/SMO,, compositions and
layer thicknesses as well as the correlations between the lattice
structure and strain state of SLs are far from being well under-
stood. Moreover, a possibility to control CT by growth design
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and by tuning the SL architecture, e.g., by changing digital num-
bers “m”, “n” and the “m/n” ratio in LMO/SMO SLs, was not
addressed so far.

Here, we report a detailed study of magnetism in the LMO,,,/
SMO,, SLs, grown by metalorganic aerosol deposition (MAD)
techniquel!®! on the STO(100) substrates. A systematic change
of the layer thicknesses (n = 3, 4, 5, 6, 8, and 10) and of the
LMO/SMO thickness ratio (m/n = 1 and 2) in these digital
SLs was performed, allowing us to disclose the corresponding
changes in the magnetism as a function of interface density as
well as to relate these changes to the modification of the charac-
teristic CT length, deduced from in situ optical ellipsometry.["”
Namely, the CT at the SMO(top)//LMO(bottom) interfaces was
found to be controlled by the m/n ratio, which as well influ-
ences the emerging magnetism significantly.

2. Sample Preparation and Experimental Details

The [LMO,,,/SMO,]x SLs on STO(100) substrates with m/n =1
and 2, called in the following SL1 and SL2, respectively, with the
bilayer thickness, A = m + n = 6-20, and repetition number of
bilayers, K = 10, were grown using MAD technique as described
in details.™ The growth of SLs has been monitored in situ by
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optical ellipsometry as presented in Figure 1, where the thick-
ness (D) and time (t) dependences of the ellipsometric phase
shift angle, A(D = vt), are shown for representative 10/5 and 5/5
SLs. Within the LMO layers one can see a linear increase of the
phase shift, A, in time/thickness with an almost constant phase
shift rate, dA/dD = 0.3° u.c.”}! In contrast, within the SMO
layers a nonmonotonic behavior was observed with pronounced
changes of the dA/dD rate within all SMO layers. The insets in
Figure 1 with a zoomed view of the phase shift rate behavior
demonstrate a sudden increase up to dA/dD = 0.5° u.c.” occurs
within the first 1-2 u.c. of the growing SMO layer. Further on,
the rate drops down to small values dA/dD = 0.1° u.c.”! The
observed here ellipsometric A(D) behavior, being in qualitative
agreement with our previous results,” was characteristic for
all SL1 and SL2 sample series. However, the details of the phase
shift rate thickness behavior within the SMO layers close to the
interfaces in SL1 and SL2 samples were found to be different
and will be analyzed below.

Global structural characterization of SLs was performed
by X-ray diffraction (XRD) and X-ray reflection (XRR) using
a Bruker D8 diffractometer with Cu-K, radiation. XRD and
XRR patterns were simulated by ReMagX program.'® Micro-
scopic characterization was done using an FEI environmental
Transmission Electron Microscope (ETEM) Titan 80-300. TEM
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Figure 1. Ellipsometric phase shift angle, A, as a function of layer thickness, D, measured in situ during the growth of LMO,,/SMOjs (top panel, red
curve) and LMOs/SMOs (bottom, blue) superlattices (SLs). The measured A(t) diagrams were renormalized to A(D = v X t) dependences, using the
known constant deposition rate v = 0.3 u.c. s, independently verified by X-ray reflection and transmission electron microscopy (TEM) data. The
vertical lines marked the opening and closing of LMO and SMO liquid channels. One can see an almost linear A(D) behavior for LMO layers and a
nonmonotonous behavior for SMO layers caused by the charge transfer (CT) from the underlying LMO into the growing SMO layer.['” The insets show
the zoomed views of the phase shift rate, dA/dD, as a function of layer thickness, which, being proportional to the electronic density in the layer,
illustrates the in situ CT across the interface from the LMO into the SMO and an increased electron concentration within the first two u.c. of SMO
layers close to the SMO(top)/LMO (bottom) interface (see also Figure S1, Supporting Information).2%
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lamellas were prepared in the [100] and [110] directions using
a Thermofischer (former FEI) Helios UC focused ion beam
instrument with a beam energy of 30 kV. A final cleaning step
was performed at low energy (2 kV). A detailed study of crystal
structure, including the quantitative analysis of the MnOg
octahedral tilts in the LMO layers, is presented.') Magnetization
was measured by using a SQUID magnetometer (MPMS XL,
Quantum Design) for temperatures, T = 5-400 K and applied
magnetic fields, B = 0-5 T, aligned parallel to the film surface.

3. Structure and Lattice Strain in the SLs

The high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) images of two representa-
tive SL1 (5/5) and SL2 (10/5) samples are shown in Figure S1
(Supporting Information).?% It demonstrates epitaxially grown
LMO and SMO layers with flat and atomically sharp interfaces.
Additionally, a high structural quality of layers and interfaces as
well as of the whole SL architecture is supported by the meas-
urements and simulations of XRR and XRD (see Figures S2
and S3, Supporting Information?”). The thicknesses of the
LMO and SMO layers, determined from the XRR, as well as the
simulated from XRD values of out-of-plane lattice parameters
for individual SMO and LMO layers are presented in Table 1.
One can see a good correspondence between the nominal layer
thicknesses (n, m) and those experimentally measured (fey,,
Meyp) by TEM and XRR (bilayer thickness) with a deviation
between them not exceeding 2-3%. Moreover, the XRD-deter-
mined averaged c-axis lattice parameters in SLs, C,,, allowed us
to estimate the stress states in the LMO and SMO layers and
compare the overall stress state of these two series of SLs. One
can see from Table 1 that the C,, values are almost the same
for all samples with the same m/n ratio. However, they differ
sizably between the SL1 and SL2 series, having different LMO/
SMO thickness ratio, i.e., C,(SL1) = 0.382 nm and C,,(SL2) =
0.3845 nm. Moreover, from the simulations of the XRD patterns
(Figures S2 and S3, Supporting Information) one can evaluate
the c-axis lattice parameters of the individual layers, Cjyo and
Csmo, and calculate the theoretical values of the average C,yy,-
lattice parameters in SLs as C,yq. = (m X Ciyo + 1 X Csmo)/
(m + n), which were then compared with the measured C,-
values (see Table 1). For the SL1 and SL2 sample series one gets
Coo (SL1) = (0.3882 + 0.3750)/2 = 0.3816 nm and Cy g, (SL2) =
(2% 0.3892 + 0.3722)/3 = 0.3835 nm. A pretty good correspond-
ence between the measured and theoretically calculated values
of the averaged C,,-lattice parameters in the SLs reflects the dif-
ferent mass ratio of LMO and SMO in them and confirms that
the LMO/SMO thickness ratios are close to the nominal values
for all SL samples in the “m/n =1" and “m/n = 2” series.
Further, the SMO layers in SLs are stronger in-plane tensile
stressed as the LMO layers. Namely, the evaluated tensile stress
in the SMO layers € = (Csymo.f — Csmo,bulk)/ Csmo pullo 1S equal to
SSMO(SL]-) = -1.7% and SSMo(SLZ) =-2.1% (CSMO,bulk = 0.3805
nmPY). In contrast, the stress in the LMO layers in SLs, i.e.,
€= (CLmof — CIMOo,bulk)/CLMO bulks 1S estimated to be significantly
smaller because the pseudocubic lattice parameter of the LMO
layers and also of single LMO films is very close to the in-plane
lattice parameter of the STO substrate; the resulting stress
values are &10(SL1) =-0.6% and & 0(SL2) =—0.3%. Neverthe-
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Table 1. The data of X-ray reflectivity (XRR) and X-ray diffraction (XRD)
for all superlattices (SLs). Individual thicknesses of layers dsyo and diyo
were obtained from simulations by using of ReMagX program!'®l and the
mean out-of-plane lattice parameters, Cy, from the measured XRD pat-
terns. ne,, and me,, are evaluated from the XRR and XRD thicknesses of
SMO and LMO layers, respectively.

(LMO,,,/SMO,)1o XRR XRD
m n Dswo [nm]  Divo [nm]  A=Dyyo+  Coy[NM] Mgy, Ny
Dswio [nm]

3 3 1.1 1.1 2.3 0.382 29 29
4 4 1.5 1.5 3.0 0.382 3.9 4.0
5 5 1.78 2.0 3.8 0.382 5.1 4.8

6 6 2.0 2.2 4.2 0.382 57 58
10 10 3.5 39 7.4 0.382 10 9.2
6 3 1.2 2.2 3.5 0.385 5.8 3.1

8 4 1.5 3.0 4.5 0.384 78 39
10 5 1.94 4.0 5.94 0.384 10.2 5.2
12 6 2.3 4.7 7.0 0.385 n.2 6.1

20 10 3.8 8 1.8 0.385 20.5 10.0

less, one can see a difference in the LMO stress states between
the SL1 and SL2 series — in the latter LMO layers are much
less strained. Interestingly, the overall stress values, given as
a sum of the LMO and SMO stresses, i.e., &;(SL1) = -1.7 to
0.6 =-2.3% and & (SL2) = -2.1to 0.3 = —2.4%, are very similar
in the SL1 and SL2 samples because the LMO and SMO layers
reveal opposite changes.

4. Magnetism

In Figure 2, we present the temperature and field dependences
of the magnetic moment, M(T), measured by SQUID for two
representative SL2 (12/6) and SL1 (6/6) samples. One can see
a complex behavior with two ferromagnetic transitions with
low (T¢;) and high (Tc;) Curie temperatures. The T¢ values
were determined from the position of the minimum of the
function TCM(T) = (1/M) x (dM/dT) also shown in the inset of
Figure 2a. Such M(T) curves with two ferromagnetic transitions
were found to be characteristic for all other SL samples in the
present study. Moreover, one can see also characteristic differ-
ences between the 12/6 (SL2) and 6/6 (SL1) samples, indicating
stronger magnetic properties in the 12/6 (SL2) sample. Namely,
Tc, = 355 K obtained for the 12/6 SL exceeds considerably the
T, = 300 K in the 6/6 SL (see Figure 2a) and, moreover, the
saturation magnetization in the 12/6 SL exceeds that for the
6/6 SL by more than two times (see Figure 2b). Further, the 6/6
SL shows a significantly larger coercive field H. = 1.8 kOe com-
pared to the H. = 0.5 kOe measured for the 12/6 SL. Finally,
both 12/6 and 6/6 SLs display a pronounced exchange bias field,
Hgg =90 and 130 Oe, respectively. Concluding, the temperature
and field dependent magnetization with two ferromagnetic tran-
sitions, shown in Figure 2 for the two chosen SLs, are typical for
all other SL2 and SL1 samples in the present study. Moreover,
the M(T) and M(H) dependences in SL2 samples reproduce the
recently published results on SLs with m/n = 2.1

In Figure 3, we summarized the results of the temperature
and field dependent SQUID magnetization for all present
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Figure 2. Temperature (a) and magnetic field (b) dependences of magnetization for representative superlattices (SLs) with m/n = 2(12/6) and
m/n =1(6/6). The inset in (a) shows the TCM(T) function, from which the Curie temperatures of a low-T¢; and high-Tc, ferromagnetic phases were

determined.
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Figure 3. Magnetic properties of LMO/SMO superlattices (SLs) as a function of interface density. a) Ferromagnetic transition temperatures: low-Tc
(open symbols) and high-T¢, (close symbols). Symbols with blue and red color refer to SLs with m/n=1and m/n = 2. The gray shaded area indicates
the T¢ of a single LMO film. All other curves are guides to the eye. b) Saturation magnetization, mg,; measured at T =5 K. Blue and red symbols refer
to SLs with m/n =1 and 2, respectively. All curves are guides to the eye. Symbols (*) marked the expected mq,, values for the weighted volume LMO
contributions in SLs with m/n =2 and 1, respectively, dominating at 1/A = 0. Open symbols in b) denote data taken.™; coercive fields, H,, (open red
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SL1 and SL2 samples, having different bilayer thicknesses,
A =m + n, and interface densities, 1/A = (m + n)~%. In addition,
we have included the data from ref. [15] to get a complete over-
view. As one can see from Figure 3a, the T¢; values decrease
with decreasing the 1/A for both types of SLs and for low inter-
face densities, 1/A < 0.1, they approach T¢ = 160-170 K of single
LMO films with a thickness D = 20-40 nm.[">??] This indicates
that the low-T¢; transition originates from a “volume-like” LMO
ferromagnetic contribution, which progressively increases with
increasing the LMO thickness and decreasing interface density
(1/A) in SLs. Note that the FM ground state in epitaxial LMO
films, in contrast to the AFM ground state in bulk LMO, is
known to be stabilized by the epitaxy stress.?)l In contrast, Tc,
values, being almost independent on the interface density 1/A
within both SL series, characterize the onset of the interfacial
emergent FM phase.l! Remarkably, we observed that a high-
T, emergent ferromagnetism does depend on the m/n ratio as
the determined values of T¢, = 355-360 K for the SL2 samples
exceed significantly the T, = 300 K for the SL1 samples. This
suggests that the CT, which was supposed to be the reason of
the formation of the emergent FM phase,™ could be influ-
enced by the LMO/SMO thickness ratio.

In Figure 3b, the saturation magnetization mg,(5K) of SLs
is plotted as a function of the interface density 1/A; the data of
single La;,Sr,MnO; (LSMO) films as boundary cases for SL1
(x =1/2) and SL2 (x = 1/3) are added for comparison at 1/A =
1. Apparently, one can see a pronounced mg,(1/A) dependence
with generally reduced values, mg, = 0.5-2.5 g Mn7., in SLs
compared to those for optimally doped bulk LSMOP4 or single
LSMO films.™ Interestingly, a minimum in the mg(1/A)
dependence can be seen at 1/A = 0.11 (A = 9 u.c.) for 6/3 SL2
and at 1/A = 0.25 (A = 4 u.c.) for the 2/2 SLI1. Note that the
pronounced minimum for the SL2 samples appears in the
vicinity of the transition from an LSMO-like ferromagnetic
behavior in SLs with very thin SMO layers (n =1, 2 u.c.) to an
SL-specific magnetism for n > 3, which is manifested by the
competition of the interface and bulk-like contributions from
the LMO and SMO layers. Indeed, large mg, = 3.3-3.5 5 Mn™*
comparable with those in the optimally doped bulk LSMO as
well as a metallic behavior was observed™ for SL2 samples
with n =1, 2. At n = 3 a metal-insulator transition occurs in the
SL2 system and leads to a strong reduction of m, probably due
to the increase of the antiferromagnetic (AFM) contribution in
SLs. This is further supported by a drastic and steep enhance-
ment of coercive field, H, and appearance of the exchange bias
field, Hgg, for SL2 samples with n > 3, shown in Figure 3c. For
the m/n =1 SLs a less pronounced minimum in the mg,(1/A)
dependence seen in the 2/2 SL probably also reflects a transi-
tion from a bulk-like behavior similar to the half-doped LSMO
for n < 2 to an SL governed magnetism for n > 2. However,
at A = 4 no MI transition takes place because even the refer-
ence half-doped LSMO films are rather insulating and, likely,
electronically inhomogeneous. The absence of an MI transi-
tion in SL1 samples is additionally illustrated by a monotonous
H(1/A) and Hgg(1/A) behavior shown in Figure 3d.

Thus, the complex mg,(1/A) dependences for SL2 and SL1
samples (see Figure 3b) with reduced saturation magnetiza-
tion and their minima indicate the presence and even the
dominance of an AFM phase in SLs with very thin LMO and
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SMO layers (n = 2-6) and correspondingly large interface den-
sity 1/A = 0.08-0.25 (u.c.)™.. Especially pronounced is the AFM
phase within the SL1 samples, which displays very low values
Mgy = 0.4-1.2 uy Mn~". The AFM contributions originate most
probably from the SMO layers, which start to acquire their bulk
magnetic properties for thicker layers n > 3.5 Another source
of the AFM contribution could be provided by the LMO(top)/
SMO(bottom interface) as according to polarized neutron scat-
tering™ the first 3 u.c. of the LMO grown on top of the SMO
also possess an AFM ground state with a nearly zero magneti-
zation. This means that SLs with a thicker SMO (n > 3 u.c.) and
LMO (2n > 6 u.c.) layers and relatively high interface density
1/A = 0.1-0.2 (u.c.)! display lower values of myg,, dominated
mostly by the interfacial FM contribution, as the AFM ordered
LMO and SMO layers likely do not contribute to m,. By fur-
ther increasing the layer thickness and further reducing the
interface density the LMO finally becomes an FM and m,, of
an SL increases. For an SL with thick LMO and SMO layers
and vanishingly small interface density (1/A—0), which as well
results in a vanishingly small interfacial FM contribution, the
My, should approach the volume-like LMO value as bulk SMO
being in the AFM ground state do not contribute to mg,. Nev-
ertheless, the coercive field and exchange bias fields remain
large (see Figure 3c,d) at this limit because of the AFM ground
state of the SMO. Taking mg,(LMO) = 3.7 uz Mn™! measured
in single LMO films, the extrapolated to 1/A—0 values should
approach mg,(SL1) = M (LMO) X 1/2 = 1.85 uy Mn! and
Mea(SL2) = Mgy (LMO) X 2/3 = 2.47 ug MnL. A good agreement
with the measurements in Figure 3b proves the validity of this
model. Thus, the thickness dependent AFM/FM competition in
the LMO and SMO layers and a decrease of the contribution
from interfacial emergent ferromagnetism, both occurring by
decreasing the interface density, are at the origin of the non-
monotonic magnetic behavior shown in Figure 3b.

5. Charge Transfer

The main result of the present study is that the emergent mag-
netism in LMO,,/SMO, SLs can be influenced by the “m/n”
thickness ratio of the constituting layers: the large “m/n = 2”
ratio favors ferromagnetism and results in a high-T- emergent
phase while the small “m/n = 1” ratio suppresses it. Taking
into account that the reason of the emergent magnetism is a
CT across the SMO/LMO interfacel and considering previous
results of Garcia—Barriokanal et al.,”] one can suggest that CT is
enhanced in the SL2 and is suppressed in the SL1 samples. To
examine this issue we have analyzed the ellipsometry time (t)/
thickness (D) diagrams measured in situ during the growth of
SL2 and SL1 samples and shown exemplified for 5/5 and 10/5
SLs in Figure 1. Our analysis is based on the phase shift rate,
dA/dD, which reflects the electron density and its change in the
growing film.[! Indeed, the thin LSMO films!*® and LMO layers
in SLs (see Figure 1) with well-defined electronic properties show
a linear increase of delta during growth. This can be described by
a phase shift rate dA/dD, which stays constant during the layer
growth and provides information on the electronic properties
of the growing layer as will be discussed in the following. Note,
that ellipsometry as an optical/infrared reflection technique is
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generally sensitive to electronic properties of a material probed
at a special excitation photon energy,®l here F = 1.96 eV (light
wavelength 1 = 632.8 nm). To elaborate the relationship between
the phase shift rate and charge density we modeled the in situ
ellipsometry signal of a growing multilayer using the Fresnel
equations®! and have shown that it is determined by the com-
plex refractive index of the top layer (see Supporting Informa-
tion2%)), which in turn is related to its electronic properties.
With refractive indices of single LSMO films with Sr doping 0
< x < 1, evaluated from measurements of in situ ellipsometry
(see Figure S4, Supporting Information?”)), the values of phase
shift rate dA/dD were determined from the Fresnel equations
for very thin LSMO layers with D < 12 u.c., which are relevant
for the SLs (see Figure S5, Supporting Information®). One can
see a characteristic dependence the phase shift rate on “x” with
a pronounced maximum of dA/dD for optimally doped LSMO,
which explains the enhanced phase shift rate at the SMO(top)/
LMO(bottom) interfaces due to the CT."®l The simulations also
reproduce the relatively large values of dA/dD = 0.3° u.c.”),
observed in electron-rich LMO (see Figure 1) and small dA/dD =
0.1° u.c.”! seen in the electron-poor SMO layers. It is important
to note that the photon energy E = 1.96 eV, used in our ellipsom-
etry setup, fits almost exactly the excitation energy (E = 2 eV) of
the intersite Mn**—Mn3* optical transitions.?*! Considering the
fact that spectral weight of these transitions is very sensitive to
Sr-or Ca-doping!”’! or in other words to the Mn**/Mn*" ratio, the
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sensitivity of the ellipsometric phase shift rate to the electron/
hole density in manganites can be rationalized.

Being aware that we cannot directly determine the amount
of charge transferred across the interface, we carried out a
comparative analysis of the phase shift rate within the SMO
layers in all present SL samples with m/n =1, 2 with the main
aim to quantify the differences in the CT length A within
these two series of SLs. In Figure 4, we present a comparison
of the phase shift rate within the SMO layers in SL2 and SL1
samples, having the same thickness of SMO, e.g. we compare
the 10/5 and 5/5 SLs. One can see that all studied SL2 sam-
ples (red symbols) display a sizably broader distribution of the
phase shift rate or, in other words, of charge spreading into
the SMO layers than that measured in the SL1 (blue symbols).
For example, the CT length, Ay, estimated in the 6/6 and 12/6
SLs was Arp = 1 and 2 u.c., respectively. For other SLs with
thinner SMO layers (n = 3, 4, 5 u.c.) the progressively smaller
Arg values were obtained. Interestingly, the relative difference
in OArp between the SL1 and SL2 samples normalized to the
thickness of SMO layers n = 3, 4, 5, 6, i.e., OAg/n, or charge
spreading within SMO was found to be nearly the same for
all SL2 samples, i.e., =0.5 u.c./3 = 0.166; =0.65 u.c./4 = 0.165;
=~0.8 u.c./5 = 0.16, and 1 u.c./6 = 0.166. These data indicate,
likely, a very similar “effective electron doping” for all SL2 sam-
ples, having different SMO thickness, “n,” but the same ratio
m/n = 2. This supports our suggestion that the emerging high-
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Figure 4. Ellipsometric phase shift rate, dA/dD, within the SMO layers for superlattices (SLs) with m/n=1 (blue) and m/n =2 (red) evidences a broad-
ened charge distribution within the SMO layers for the m/n = 2 SLs and indicates an enhancement of charge transfer (CT) in these SLs.
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T, ferromagnetic phase is caused by the enhanced CT within
the SMO layers in m/n = 2 SLs.

An additional way to detect the CT across the interface can
be the estimation of the oxidation states of the Mn ions inside
the LMO and SMO layers in SLs. Indeed, the electrostatic mis-
match at the SMO/LMO interface with the formally charged
(La-0)*'/(Mn-O,)! layer and formally neutral (Sr-0)°/(Mn-0,)°
layer, could be relaxed by the CT. Assuming that LMO loses
electrons and the SMO acquires them, this should lead to the
modified oxidation states of Mn**? within the LMO and Mn*¢
(SMO). Moreover, also the layers above and below the interface
could be involved because of the charge redistribution within
the bilayer. The most accurate tool for estimation of Mn oxida-
tion states was shown(?#2% to be electron energy loss spectros-
copy (EELS) at the O-K edge and determination of the energy
distance between the O-K; and O-K, peaks, AE,, = Eora — Eoxp.
This procedure, compared to the Ls;/L, ratio®%3!l measured
at the Mn-L,; edge, is less sensitive to the noise. The high
resolution EELS behavior for the 6/6 and 12/6 SLs, shown in
Figure 5a,b, respectively, demonstrates how the spectra close

0-K Mn-L2,3 sol | I I I S'MOISTOé 4
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to the O-K and Mn-L,; edges are distributed along the growth
direction of SLs. One can see qualitative differences between
the LMO and SMO layers in SLs in agreement with our pre-
vious results.’®) The SMO layers are manifested by an energy
shift of the O-K edge (mostly of the central peak) and by the
intensity changes of the Mn-L,; edge due to the changes in
the Ls/L, ratio. The obtained EELS spectral behavior is gener-
ally similar to that reported for bulk manganites and thin films
previously.28-31

In Figure 5c,d, we present the EELS spectra at the O-K edge,
measured in the middle of the LMO (Figure 5c) and SMO
(Figure 5d) layers for 12/6 and 6/6 SLs as well as for the reference
LMO/STO and SMO/STO single films. The measured EELS
spectra contain typical features, called O-K, and O-K;, peaks, 82!
the energy distance between which AE, has been demonstrated
to be very sensitive to the oxidation states of Mn ions[?®! as well
as for stress state of the films as demonstrated for the SMO
films grown on different substrates.?”) The peaks were fitted
by Gauss curves as shown in Figure 5c¢,d and the values AE,,
were determined. As one can see in Figure 5e, by comparing
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Figure 5. The distribution of the electron energy loss spectroscopy (EELS) spectra in the vicinity of the O-K and Mn-L, ; edges along the growth direction
in 6/6 (a) and 12/6 superlattices (SLs) (b). The EELS spectra around the O-K edge, measured inside the LMO (c) and SMO (d) layers in 12/6 (blue)
and 6/6 (red) SLs as well as in single LMO/STO and SMO/STO films (black curves) grown by metalorganic aerosol deposition (MAD). The spectra
were fitted with Gauss lines; shown are only first three lines marked by thin lines and the sum curve of all peaks (thick lines). The energy distance
between the O-Ky, and O-K, peaks, AE = E(O-K;) — E(O-K,), was determined. e) A superposition of our results on the data of Varela et al.?®l obtained
for Lay,Ca,MnO; manganites.
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the data on our samples with the data on La;,Ca,MnO; meas-
ured by Varela et al.,?® the reference LMO/STO and SMO/STO
films do possess the nominal oxidation states, i.e., Mn*" and
Mn, respectively. The values of AE,, obtained in the middle
of the LMO and SMO layers in SLs, i.e., “far away” from inter-
faces (see Figure 5c¢,d, respectively) indicate modified oxidation
states. Namely, oxidation states of Mn in LMO layers inside the
SLs are relatively close to Mn?*, i.e., Viyo(12/6) = + 3.05 and
Vimo(6/6) = +3.1. In contrast, those for the SMO layers deviate
significantly from Mn*: Vgyo(12/6) = +3.5 and Vgy(6/6)
= +3.7 Note, the obtained here small deviations from the nom-
inal Mn3* in LMO layers, being close to the uncertainty of +0.15
given by the L3/L, method, cannot be reliably determined by
it. However, the determined Mn oxidation states in SMO layers
exceed this uncertainty. In principle, the oxidation state of Mn
in SMO films can be also influenced by strain-induced oxygen
deficiency as demonstrated by Agrawal et al.l?’l Comparing the
AE,, values for SMO layers in our SLs with their results, sim-
ilar oxidation states should be resulted from the 2.6% and 3.7%
strain in the SMO layers for the 6/6 and 12/6 SLs, respectively.
However, according to the XRD the stress values in SMO layers
are significantly smaller, i.e., 1.7% (6/6) and 2.1% (12/6) and,
moreover, the oxygen deficiency was not detected in our SMO
layers. Thus, we conclude that the stress alone cannot lead to
the observed strong deviations of Mn oxidation states in SMO.
The most probable reason seems to be the in situ LMO-to-SMO
CT, followed by a redistribution of the electron density within
the underlying LMO layers.

6. Discussion

We performed a systematic study of the magnetism in LMO,,/
SMO,, SLs (m/n = 1,2; m, n = 2-10 u.c.) and demonstrated its
correlation with electronic/structural reconstructions at the
interfaces analyzed by in situ ellipsometry and ex situ EELS.
The observed high-T¢ emergent magnetic behavior in m/n = 2
SLs was assigned to an enhanced CT within =2 u.c. at the SMO/
LMO interfaces. The latter were optically/electronically modeled
by assuming the formation of an optimally doped LSMO (x =
1/3) phase at the interface. Emergent behavior observed here
and elsewhere[™ in the MAD grown LMO,,/SMO,, SLs is quite
different from that found in the MBE grown SLs,[1%32] which
possess strongly asymmetric interfaces and do not show high-
Tc emergent phase. Here, we would like to note that interfaces
in MAD-grown SLs are flat and quite similar—the SMO(top)/
LMO(bottom) is atomically sharp with an XRR roughness,
Osmosmo = 1 u.c., and the LMO(top)/SMO(bottom) looks less
sharp (Opmossmo = 1.5 u.c.). According to the ellipsometry and
polarized neutron scattering"” the emergent high-T. FM phase
is located at the sharp SMO/LMO interface, which can be mod-
eled by electronic properties of optimally doped LSMO. This
indicates that the electronic reconstruction is responsible for
the emergent high-Tc FM phase. A chemically less sharp and
likely intermixed LMO/SMO interface with accompanying
chemical disorder is not relevant for high-T- magnetism. More-
over, assuming only a chemical intermixing at the interfaces,
a half-doped interfacial LSMO (x = 0.5) phase should be pre-
sent in both m/n =1 and 2 SLs. This, however, contradicts (see
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Figure 3a) the experimentally observed systematic difference in
the emergent ferromagnetism in these SLs.

The estimated from the ellipsometry CT lengths into the
SMO in SLs, e.g. Arg(6/6) = 1 u.c. and A7¢(12/6) = 2 u.c,, can
be related to the EELS-determined average Mn oxidation
states Viyo and Vgyo assuming a redistribution of the elec-
tron density within the layers as follows: Viyo = [3(m — Arg)
+ 4A1F]/m = 3 + Arg/m and Vgyo = [4(n — A1) + 3Ap]/n =4
— Arg/n. For the LMO in 12/6 and 6/6 SLs one gets a similar
Mn oxidation sates, Viyo(12/6) ~ Vinmo(6/6) = +3.17, because
of a factor of two larger CT length for the 12/6 SL than that
for the 6/6 SL. These values are in line with those measured
by EELS (see Figure 5e) in the middle of the LMO layers in
SLs, =+3.1(12/6). Moreover, the average Mn oxidation states
in SMO are: Viyo(12/6) = 3.67 and Vgyo(6/6) = 3.83, which
also agree quite good with the EELS-determined values for
SMO, i.e., +3.5 (12/6) and +3.7 (6/6). Thus, the control of CT
by the “m/n” thickness ratio, its relevance for the emerging
magnetism and its enhancement in the m/n = 2 SLs is qualita-
tively supported both by in situ ellipsometry and ex situ EELS
measurements.

Another important issue is whether the CT and stress state
in the studied SLs are related to each other. For example, as was
shown by Garcia—Barriocanal et al.”! the CT leads to almost fully
relaxed LMO layers in the LMO/STO SLs. As we have shown
above in Section 3 the m/n =1and 2 SLs possess a very similar
overall tensile stress state with SMO layers much more strained
than those of LMO. It is interesting to note that an enhanced CT
in the SLs with m/n = 2 and decrease of stress in the LMO layers
likely correlate with each other. At this point we speculate that
the transferred electrons into the SMO help to relax the LMO by
reducing the tetragonal distortion by means of MnOg octahedral
tilt mechanism. According to the recent study of Meyer et al.l)
the main structural difference between the present SL1 and SL2
samples is the existence of octahedral tilts in the LMO layers
within the m/n = 2 SLs and their absence in the m/n =1 SLs.
The presence of tilts is consistent with an increased averaged
C,-lattice parameter measured for the SL2 samples (see Table 1)
and, hence, with a decreased tetragonal distortion in them. Note,
that Kan et al.®* also reported an example of anisotropic strain
relief in the SrRuO; films by engineering of octahedral rotations
at the interface between SrRuO; and GdScO; substrate. How-
ever, the microscopic scenario of the strain relief by octahedral
rotations and the role of charge and orbital reconstructions in it
still needs a detailed theoretic description.

We believe the m/n ratio could affect the magnitude of the
CT due to following mechanisms: a) mechanic strain or “mass”
effect—the larger the mass ratio the larger the influence of LMO
on SMO; b) structural effect actuated by different types of inter-
faces, i.e., Mn—O-Mn tilt-mismatched in the m/n = 2 SLs and
mismatch-free the m/n = 1 SLs; and ¢) electrostatic mismatch
effect quantified by the difference in capacities of charge reser-
voirs (electron-rich LMO and electron-poor SMO) might directly
drive the interfacial CT. In addition, we would like to note that
such a direct “electrostatic mismatch” effect on CT, being pro-
ceeded already during the growth at high temperatures, T, =
900-950 °C, plays a dominant role in our opinion. The role of
other two factors (a) and (b) and their casual relationship in the
realization of CT seems to be not clear up to now.
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7. Conclusions

The LMO,,/SMO,, SLs series with m/n =1 and 2 were grown
on STO(100) substrates by means of MAD technique in the
range of individual layer thicknesses m, n = 2-10. The high-
T, emergent ferromagnetic phase was controlled by the LMO/
SMO thickness ratio, m/n. The latter was shown to influence
the CT from the LMO(donor) to the SMO(acceptor) layer as was
demonstrated by the in situ optical ellipsometry and supported
by the atomically resolved EELS data. An intimate connection
between spin reconstructions at the interfaces, CT, and lattice
strain is suggested as a guiding mechanism for controlling
magnetism in correlated heterostructures.
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