Interplay of local structure, charge and spin in bilayered manganese perovskites
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Chemical doping is a reliable method of modification of the electronic properties of transition metal
compounds. In manganese perovskites it leads to charge transfer and peculiar ordering phenomena.
However, depending on the interplay of the local crystal structure and electronic properties, synthesis
of stable compounds in the entire doping range is often impossible. Here, we show results of high
energy resolution x-ray absorption and emission spectroscopies on Lag_2,;Sr14+2,Mn2O7 family of
bilayered manganites in a broad doping range (0.5< x <1). We established a relation between local
Mn charge and Mn-O distances as a function of doping. Basing on a comparison of such relation
with other manganites, we suggest why stable structures cannot be realized for certain doping levels

of bilayered compounds.

I. INTRODUCTION

Mixed-valent manganese perovskites show a plethora
of types of magnetic, charge and orbital orders, which oc-
cur due to interplay of various degrees of freedom includ-
ing spin, charge and the lattice. Adding chemical doping,
temperature or external pressure as parameters leads to
even more complicated phase diagrams, but it also allows
for tuning their properties to those required for the given
application e.g. in spintronics, catalysis or solar energy-
to-fuel conversion'?. The most extensively studied are
manganites with a pseudo-cubic perovskite structure of
the general formula Ry_,A,MnOgs, where R and A are
a trivalent and divalent cation, respectively. These com-
pounds have strongly distorted and rotated MnOg octa-
hedra with Mn-O-Mn bond angles varying between 155-
170°. There are, however, families without tilted octahe-
dra such as Laj_,Sr1,,MnOy (called single layered as it
has a single MnO» layer in the unit cell) and the least dis-
torted Lag_9,S1142,MnyO7 (called bilayered). Both fam-
ilies have tetragonal structure and typical Mn-O-Mn an-
gles are close to 180°2. Lag_9,S1142,MnoO7 family in the
doping range 0.5< x <1 shows the most clearly the con-
nection between orbital ordering and magnetism®. The
doping, in accordance with Goodenough'’s rules, leads to
less ferromagnetism, which was also concluded from our
nuclear magnetic resonance experiments on samples in
the same doping range®.

In order to study the interplay between the local crys-
tal structure and the electronic properties in details we
used x-ray absorption and emission spectroscopy (XAS
and XES, respectively) as they are sensitive to the local
structure, spin and charge®. Pseudo-cubic perovskites
have been extensively studied using XAS and core level
XES> ! for more than 20 years. However, due to re-
cent advances in high resolution hard x-ray photon-in
photon-out spectroscopy'?, background free XAS and
valence band XES can be probed and give access to
even more details on the hybridization and evolution of
electronic bands near the Fermi level. Therefore, our

goal is to examine the role of the local structure as
well as to gain insight into the electronic structure of
bilayered manganites using XAS and XES techniques.
Since there exist similar studies on the pseudo-cubic
Laj;_,Sr,MnO3 and single layer Laj_,Sr1.,MnQO4 fam-
ilies we can now compare them to our results to make
more general conclusions for all manganites. In con-
trast to pseudo-cubic Laj_,Sr,MnQOjs, at room temper-
ature Las_9,5r1,0,MnyO7 family has the same type of
crystal structure and no orbital/charge/magnetic orders
are present, even tough their influence on the XES/XAS
spectra in pseudo-cubic compounds was shown to be
rather weak'?. While general trends obtained from
XANES are similar in all the three families, e.g. evolution
of the pre-peak area and the edge energy with doping,
there are also differences in terms of values of the chem-
ical shift. XES measurements show even more signifi-
cant differences and indicate that in Las_,Sr1 49, MnyOr
family Mn spin changes linearly with doping, which is in
contrast to Laj_;Sr1,,MnOy4. Results of XES and XAS
measurements appear to be tied to Mn-O distances in
MnOg octahedra and our findings shine more light on
the reasons why bilayered manganites cannot be synthe-
sized in the entire doping range.

II. EXPERIMENTAL

Polycrystalline samples of Lag_9,Sr142,MnyO7 (for
x=0.5, 0.62, 0.68, 0.75, 0.8 and 1) were prepared by the
high-temperature solid state reaction method'*. Powder
XRD measurements showed that samples are single phase
(see the supplementary material'® and supplementary
Fig.1). The x-ray absorption and K emission spectra of
the Mn K-edge were collected at the ID26 beamline of the
European Synchrotron Radiation Facility in Grenoble,
France. The undulator fundamental monochromatized
by a pair of Si(311) crystals and an emission spectrom-
eter in Rowland circle geometry equipped with Si(440)
analyzer crystal were used. The total energy resolution



of the setup, measured as full width at half maximum
of the elastic profiles, was determined to be ~ 0.7 eV.
The reproducibility of the monochromator and spectrom-
eter energy was better than » 0.05 eV. X-ray absorption
spectra were probed using the total fluorescence yield
(TFY) and the high energy resolution fluorescence detec-
tion (HERFD)!2. The latter were measured by probing
the maximum intensity of the K g fluorescence line. Such
1s3p HERFD XANES shows significantly better resolved
spectral features compared to Mn K-edge TFY-XANES,
particularly in the pre- and near-edge range (see the sup-
plementary material’® and supplementary Fig.3). There-
fore, the analysis of the spectral shape evolution is based
on HERFD data. Quantitative determination of the edge
energy is derived from the maximum of the first deriva-
tive of TFY-XANES in order to compare our results with
those obtained for other manganites.

X-ray emission spectra were taken at 6900 eV incident
energy over the energy span covering both core-to-core
(CTC) transitions corresponding to K1 3 main line and
K ' satellite as well as the valence-to-core (VTC) transi-
tions corresponding to K3 5 and K3” features. All mea-
surements were carried out at room temperature. The
Mn K XES spectra have been normalized to the area
within the emission energy range 6467-6512 eV. The Mn
K VTC region spectra have been further smoothed over
1.5 eV window using moving average algorithm. HERFD
and TFY XANES spectra have been normalized to the
unity mean value in the energy range 6660-6650 eV with
respect to the pre-edge region.

For plots clarity we do not present data for all samples
in figures presenting the results of measurements; how-
ever, plots showing dependencies as a function of doping
or distances include results for all the samples studied.

III. RESULTS

At room temperature all Lag_o,Sr1.9,MnsO7 com-
pounds are paramagnetic insulators and have a tetrag-
onal crystal structure with three different Mn-O bond
lengths (dasn_o) within a bilayer'®. By symmetry, all dis-
tances between Mn and equatorial O3 are the same, but
there are two different distances to apical oxygens (O1
and 02) as shown in Fig.1. Single-layer Laj_,Sr1,,MnQOy4
has tetragonal structure, as well, but the distances be-
tween Mn and apical oxygens are the same. “Pseudo-
cubic” LaMnQOs has different distortion of MnOg octa-
hedra (two significantly different Mn-O equatorial bond
lengths while the distance between Mn and apical oxy-
gen is very similar to the shorter equatorial one), which
are additionally tilted. In Fig.2 we present the dop-
ing dependencies of all Mn-O distances from neutron
diffraction'®.  We observe that the average Mn-O dis-
tance < dym-o > monotonically decreases with Sr (hole)
doping as expected, since the average ionic size of Mn de-
creases with increase of its formal valence state. Similar
decrease of < dyy_o > was observed for Laj_,Sr,MnO5!7

FIG. 1. (Color online) Crystal structure of a) “pseudo-
cubic” LaMnOgs, b) single-layer Lai—zSri1:-MnO4 and c)
bilayered Lag_2;Sr1+2,Mn2O7 with corresponding arrange-
ments of MnOg octahedra. Different colors of Mn-O bonds
indicate different lengths.
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FIG. 2. (Color online) Mn-O bond lengths dyvm-o in MnOg
octahedra and the average Mn-O distance < dyn-o > (black
solid line) of Lag_25Sr14+2:Mn20O7 as a function of doping, =
obtained from neutron diffraction'®.

and Laj_,Sr1,,MnO4'8. The distortion of MnOg octa-
hedra in Lag_o,Sr142,MnoO7 is much smaller compared
to LaMnOj3 or Laj_;Sr1,,MnOy (see the supplementary
material'® and supplementary Fig.2).

Now we turn to results of synchrotron measurements.
Based on structural parameters obtained from diffrac-
tion measurements we model the evolution of Mn K-edge
spectra by means of FDMNES calculations'? (for more
details see the supplement!® and supplementary Fig.4).
They show significant shift of the main edge between
LaMnOg3 and Lag_9,Sr142,MnsO7 samples of x=0.5 and
x=1 associated with substantial evolution of the spectral
shape. Simulations predict that the pre-edge intensity
should increase with Sr doping. Regarding the post-edge,
the characteristic broad feature, which is observed at ap-
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FIG. 3. (Color online) a) Normalized 1s3p HERFD XANES
spectra measured at room temperature for LaMnOs and se-
lected Lag-25Sr142,Mn207 samples. b) Detailed view of the
pre-edge area with four features marked as pl, p2, p3 and p4.
c¢) Detailed view of the absorption edge. Lines are a guide to
the eye.

prox. 20 eV above the edge in LaMnO3%" splits into
two in Lag 9,511,192, MnsO7 samples. We interpret this
as a fingerprint of increasing structural anisotropy. The
results of calculations are in good qualitative agreement
with experimental data.

Since Lag_9,5r142,MnoO7 with =0 has not been suc-
cessfully synthesized, we include spectra of LaMnOj3 as a
reference for the formally Mn®*. Although it has a differ-
ent crystal lattice, the local atomic environment is also
octahedral. We observe that the absorption edge shifts to
higher energies with increasing Sr doping, which we at-
tribute to a decrease of the average Mn-O distance due to
a change in the mean valence state of Mn from 3.5+ (for
x=0.5) to 44+ (for x=1). Such a correlation of the edge
energy with nominal Mn valence state has been observed
before in many manganites® "' The edge energy
changes by 1.4 eV between £=0.5 and x=1 samples and
by roughly 3 eV between LaMnOjs and x=1 sample (i.e.
between formally Mn3* and Mn**). This edge energy dif-

ference is in agreement with that between LaMnOg and
SrMn032° or between NdMnOj3 and Sr/CaMnO313. Fur-
ther, we refer to the edge energy shift from its position
for LaMnOg3 as the chemical shift.

Another characteristic of XANES that significantly
evolves upon doping in manganites is the pre-edge area
(Fig.3b). Here we can clearly identify four features de-
noted as pl, p2, p3 and p4. They gradually change with
increase of the Mn valence state. The pl is located
at roughly 6540 eV and it is the most pronounced for
LaMnQOg, while for Las_9,Sr1,9,MnoO7 samples it is vis-
ible only as a shoulder of a more intense p2, which shifts
to higher energies and strongly increases in intensity with
Sr doping. The p3 located at roughly 6544.5 eV is barely
visible for £=0.5 sample, but increases in intensity with
doping and it is especially well resolved for the =1 sam-
ple. For LaMnOg there is a clear feature (p4) at about
6547-6548 eV, while for Lag_5,Sr1 2, MnyO7 samples the
intensity in this energy range gradually decreases with
doping and we observe a step-like behaviour for the z=1
sample.

Fig.4 presents results of Mn K3 CTC and VTC mea-
surements. CTC K31 3 and K3 lines shift to lower ener-
gies and decrease in intensity with doping. For LaMnOg
K3 line is located at about 6491 eV and it shifts
to lower energy by roughly 0.4 eV for the z=1 sam-
ple. We also note that K3 3 line of LaMnO3 has the
smallest width, which gradually increases with doping for
Lag_9,Sr1,2,MnsO7 samples, reaching maximum value
of 4 eV for the =1 sample. The intensity of K3’ line
for Lag_9,S11,2,MnsO; samples decreases with doping
by roughly 15% (see inset of Fig.4a) and by 25% between
LaMnOg3 and z=1 sample. As for VT'C lines shown in
Fig.4b, K32 5 and K" lines for LaMnOg are observed at
the lowest emission energy and for Las_o,Sr149,MnsO7
samples both lines move to higher energies with doping
and a stronger shift is observed for K" line (2 eV vs
1 eV for KBy 5). It is difficult to analyze the intensity
changes of VTC lines due to the fact that their back-
ground is relatively high and cannot be accurately deter-
mined from the spectral range probed. The intensity and
linewidth of VTC lines are sensitive to doping, neverthe-
less, a more quantitative analysis would have a significant
uncertainty.

IV. DISCUSSION
A. XANES

We start the discussion with analysis of XANES mea-
surements. The Mn K-edge spectra can be divided into
two areas: the main edge, which is due to transitions from
the 1s core state to the 4p continuum and the pre-edge
region. The latter is typically attributed to quadrupole
transitions from the 1s core state to the empty 3d states.
However, in manganites additionally we observe signals
from the local or non-local 3d 4p wavefunction mixing,
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(Color online) Normalized Mn K3 XES spectra. Panel a) shows CTC transitions (K3’ and Kf1,3 lines), inset
Panel b) shows VTC transitions (K3” and K2, lines) of LaMnOgs and selected

Lag_2:Sr112,Mn207 samples. Lines connecting points are a guide to the eye.

allowing dipole transitions from 1s to the 4p character of
the 3d-band?!.

In transition metal oxides the pre-edge region typi-
cally contains several features, whose origin is still un-
der debate?!. However, there are several general trends
observed is manganese compounds. The first is that the
pre-edge centroids for Mn?*, Mn?* and Mn** shift to-
ward higher energy with average oxidation state and the
second, that the total intensity of pre-edge area increases
with the site distortion and with oxidation state as more
empty 3d levels are created by the ionization of Mn?®.
The overall shape of these features is a consequence of
quadrupolar and dipolar transitions resulting in overlap-
ping lines and therefore single transitions cannot be easily
distinguished. In general, there are two types of dipolar
transitions: local i.e. from 1s to the 4p character of the
3d-band of the excited ion for geometry with broken in-
version symmetry and non-local i.e. to a 3d states of
neighboring metal sites through the oxygen mediated in-
tersite hybridization Mn(4p)-O(2p)-Mn’(3d)?"25. It has
been suggested that this non-local contribution appears
at a higher energy since such a final state is also more
delocalized and thus it is less affected by the core hole
potential?!26.

TFY-XANES measurements on Laj_,Sr,MnO3 and
Laj_;Sr1,,MnOy4 showed similar behavior of the pre-edge
range, i.e. there were several features present, which were
shifting to higher energy upon doping and their intensity
was increasing, particularly at the energy range corre-
sponding to the most intense feature!®2%23, However,
TFY-XANES did not allow for clear distinguishing of
pre-edge features. HERFD-XANES measurements pre-
sented here provide better resolution and as a result we
are able to distinguish several distinct features (p1, p2, p3
and p4) in the pre-edge range in Lag_2, 51112, MnoO7. As

in other manganites, with increase of Mn** content the
total intensity of the pre-edge increases and the centroid
shifts to higher energy (see Fig.3b).

Recent HERFD-XANES study on TbMn;_,Co,0;3
showed two well resolved features in the pre-edge region
at energies corresponding to pl and p2 and it has been
concluded that p1 shows both dipole and quadrupole con-
tributions while p2 can be assigned mostly to the non-
local dipole transition?®. Particularly interesting was the
behavior of the p2 feature, which was decreasing in in-
tensity with Co doping even though the content of Mn**
was increasing. This observation was correlated with 4p-
0-3d hybridization, which is strongly reduced when Mn
atoms are surrounded by more and more Co?* (3d") ions
instead of Mn3* (3d*) or Mn** (3d%), i.e. the intensity of
p2 decreases with decreasing the number of empty states
in 3d orbitals. In our case the intensity of p2 feature
increases with doping, particularly for x=1 sample con-
taining formally Mn** ions, which is in agreement with
interpretation suggested by Cuartero et al.?%

In order to obtain more quantitative understanding
of the pre-edge doping evolution we estimated the p2
intensity, taken as the maximum from the experimen-
tal data (Fig.5a) as well as maximum and area from
the data fits (see the supplement'® and supplementary
Fig.5). In Fig.5a we also show the dependence of the
probability of finding different number of Mn** ions as
neighbors of given absorber (Mn ion) calculated from a
binomial distribution. In a bilayer there are five possible
Mn neighbors, but only four equatorial are equivalent.
Mn-O(apical)-Mn distance is different by max. 0.06 A,
which is roughly 1.5% different from Mn-O(equatorial)-
Mn distance. The best correlation with the increase of p2
feature intensity follows the probability of all neighbors
being Mn**. Since Mn** ions have more empty states
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FIG. 5. a) The intensity of p2 feature (points) and probabili-
ties (solid lines) of different number of Mn** neighbors (N) as
a function of doping. The edge energy taken as the maximum
of the first derivative from TFY XANES as a function of b)
doping and c) average Mn-O distance < dyn-o >. Dashed
blue line shows the edge energy for LaMnQOs, solid red lines
are linear fits. Empty black square is the value extrapolated
to LazSrMn,O7 (z=0). d) The chemical shift with respect to
LaMnOs for Lag_2,Sr112.MnaO7, Laj_»Sr,Mn032%2%2% and
Lai1-2Sr1+.MnO4'® as a function of < dyn—o >. All distances
are derived from XRD'? or neutron diffraction®*.

available on orbitals of e, symmetry (o-like) compared to
Mn?*, more Mn** ions as neighbors should make Mn(4p)-
O(2p)-Mn’(3d) hybridized states more probable. Our ob-
servations not only confirm that p2 feature is mostly of
non-local dipolar origin, but also provide quantitative ex-
perimental evidence that its intensity increase is due to
the increase of number of Mn** ions.

Without more quantitative support from theory, we
cannot make firm conclusions on the origin of p3 and p4
and other pre-edge features. Such high energy features
have been suggested to also originate from non-local hy-
bridized states and were observed for example in Mn0,25
or in trivalent cobalt oxides?”. We only note that inten-
sity of p3 increases with doping, while intensity around
p4 decreases and a similar step-like feature, as that visi-
ble in Sr3Mn,O7, has been also observed for example in
SrMn032°.

Now we discuss the doping dependence of the main
edge, which is predominantly determined by two effects:
the changes in the Mn 3d occupation and the changes in
the Madelung potential®®. In manganites it has been
observed that the edge energy is correlated with the
nominal valence state of the Mn ion.> 7-10:11,13,18,:26 Gyychy
a trend is a general property of mixed valence man-
ganese oxides?®. We find a linear dependance for bi-
layered manganites as well, which is characterized by
the slope of 2.50 + 0.03 eV per doping level (Fig.5b).
It is smaller than approx. 3 eV per doping level ob-
served for Laj_,Sr,Mn032%23 or La;_;Sr1+,MnO4'® and
4 eV per doping level in La;_,Ca,MnO3". If this linear
trend is extrapolated to lower dopings, for a hypothet-
ical LagSrMnyO7 (i.e. x=0) the edge should appear at
approx. 1 eV higher energy compared to LaMnOgs (both
compounds contain formally Mn3* ions). This is large
value since in very different local environments in crys-
talline and molecular materials with formally Mn?3*, the
variation of the edge position is less than 1 eVZ>30, We
come back to this below.

In Fig.5d we present the chemical shift with respect
to LaMn03 for La2_2x8r1+2an207, Lal_xSI‘an03 and
La;_,Sr1;,MnO, as a function of < dyn_o >. For all
three families of Sr doped manganites the chemical shift
decreases with < dy,_o > as expected, since the latter pa-
rameter decreases with doping!”-?*. For La;_,Sr,MnOs3
we show results from three studies?®?223, which give
slightly different values of the edge energy for the same
nominal doping. Nevertheless, one can see that tetrag-
onal families La2_2x8r1+2an207 and Lal_xSr1+anO4
are located to the right from La;_,Sr,MnOs. The
biggest values of the chemical shift for a given doping
are found for Las_o,Sr1,12,MnoO7 family. The data of
Lag_o,Sr1,2,MnsO7 compounds appears to continue the
trend observed for Laj;_,Sri,,MnQO4 samples, however,
there is a gap between x=0.5 samples.

For compounds with given doping (the same nominal
valence of Mn) of different families one could expect the
same contribution from Mn occupation to the edge en-
ergy. Since the contribution from Madelung potential
depends on the interionic distances one could anticipate
a monotonic dependence between the chemical shift and
< dym-o >. However, there is no apparent trend between
the chemical shift and < dyn-o > for a given doping,
which confirms that contributions from the electronic oc-
cupation and the local structure to the XANES spectra
cannot be simply separated3!.



It is known that for the La;_,Ca,MnOQOg3 family XANES
spectra of the doped compounds cannot be obtained by
a simple weighted sum of LaMnOs; and CaMnQ33!:32
due to different crystal and local structures. Neverthe-
less, the spectra of doped compounds can be well re-
produced if one takes weighted spectra of doped com-
pounds with similar local environment3!. We observe the
same behavior for the Lag_2,Sr142,MnsO7 family (see the
supplement'® and supplementary Fig.6). The edge and
pre-edge shape as well as edge position of the spectra of
x=0.5 and £=0.75 compounds cannot be reproduced by a
weighted sum of Sr3MnyO7 with LaMnOg3 and Sr3Mn;O7
with LasSrMnsO7, respectively, but they can, if one uses
weighted sums of spectra of other mixed valence samples,
which have similar local structure.

B. XES

The Mn K3 XES spectra (Fig.4) consist of CTC and
VTC lines. There are two CTC spectral features, both
arising from 3p — 1s decay process: a strong K31 3 peak
and a broader K3’ shoulder at lower emitted energy>>.
Strong spin selectivity of CTC transitions makes them
sensitive to the net spin 3d moment3!. In manganese
oxides Mn is always in a high spin configuration. There-
fore, a change in the Mn spin directly reflects a change
of the charge on Mn33. With decrease of the net spin
(increase of the charge on Mn) K 3; 3 line shifts to lower
energy and K3’ line decreases in intensity®!2:33:3% We
observe it also for Lag_2,Sr142,Mn2O7 (see Fig.4a). The
change of K31 3 energy between LaMnO3 and SrzsMn,O7
(z=1), which amounts to 0.4 €V, is the same as between
NdMnO3 and StMnO3'? or Mn?* and Mn3* mononuclear
complexes®®. In fact, the energy of K3 3 line decreases
linearly with doping and this dependence extrapolates to
the energy of LaMnO3 at x=0 (see the supplement!® and
supplementary Fig.7a).

In order to perform quantitative analysis of the CTC
spectra, we used the method of integrated absolute
difference (IAD)373%.  The IAD values calculated for
Lag_9,Sr1,2,MnsO; samples with respect to the refer-
ence spectra of LaMnQOgz and CaMnQOg are plotted as
a function of doping in Fig.6a. We see that TAD de-
pends linearly on doping (formal Mn valence). Upon
comparison with TAD values obtained for other Mn ox-
ides, namely MnO (5=5/2), MnyO3 (S=2) and MnO,
(8=3/2), we can study the evolution of Mn spin and thus
charge!?. The change of IAD between z=1 and 2=0.5
samples is roughly half of that between CaMnOj3 and
LaMnOg indicating that doping affects mostly charge on
Mn ions. Such an TAD dependence on Mn formal valence
was observed in some Mn oxides or undoped manganites
(e.g LaMnO3 and CaMnO3)*2. However, it is in contrast
to behavior observed for single-layer Laj_,Sri,,MnQy,
where almost identical IAD values are observed in the
broad doping range®®. This was attributed to localiza-
tion of doped charge (holes) on oxygen rather than on
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FIG. 6. a) Integrated absolute difference (IAD) of
Lag_2,Sr142:Mn20O7 samples with respect to LaMnOs
(IAD=0) and CaMnO3s (IAD=1, green dashed line), and a
nominal Mn spin (solid red line) as a function of doping. b)
Energy difference K32 5-K (1,3 as a function of doping (red
solid line is a linear fit to the data). Energy difference K (35 5-
Kp" as a function of doping (panel c) and < dyn-o > (panel
d). Dashed blue lines and blue data point indicate the value
for LaMnOs, solid and dashed black lines are guides to the
eye.

Mn. In Fig.7 we compare TAD values for single-, bilay-
ered and pseudo-cubic manganites. It is clear, that Sr
doping of bilayerd manganites affects the shape of CTC
K spectra more than in the case of single layered ma-
terials. It is likely related to negligible MnQOg octahe-
dra distortion (see the supplement'® and supplementary
Fig.2) and thus the nearly uniform occupation variation
of all 3d e, Mn orbitals upon doping. This is in contrast
to the single-layer family, where doping mainly affects the
occupancy of (apical) oxygen orbitals at nearly constant
charge of Mn ions>?.

The width of K3 3 line is the smallest for LaMnO3 and
for Lag_2,Sr1,2,.MnoO7 samples it increases with doping
(see the supplement and supplementary Fig.7b). This
effect could be caused by the crystal field splitting that
affects the shape and width of the experimentally mea-
sured lines. The crystal field splitting will increase with
decrease of the average Mn-O distance (i.e. with increase
of doping), which can explain the observed line broad-
ening. Similar doping effect was observed for oxygen-
K electron energy-loss lines in La;_,Cay,MnO3%°. Since
KB 3 is predominantly formed by a set of multiplets,



an extensive modeling within the crystal-field multiplet
theory®3*! would be required in order to fully understand
the origin of this effect.

VTC lines arise from transitions from occupied orbitals
located a few eV below the Fermi level i.e. from the
valence band, which contains mixed metal-ligand states
of metal p-character, to 1s3°. It has been shown that
K" line corresponds to transitions from valence elec-
tronic levels with strong s-ligand character while K3 5
line has strong ligand p contribution??#2. In contrast to
the K3 3 line, VI'C lines shift to higher energies with
doping (Fig.4b) and their maxima do not show a lin-
ear dependence, which extrapolates to LaMnQOg for =0
(see the supplement!'® and supplementary Fig.7a) indi-
cating that the local structure affects VTC lines. Similar
shift of VT'C lines with doping was also observed be-
tween NdMnO3 and StMnOjz (CaMnO3)'3. Also for Cr
compounds the energy of VTC lines was increasing with
oxidation*445,

In Fig.6b we show the energy difference K B3 5-K 31 3,
as a function of doping. Despite significant uncertainty
we observe a clear linear dependence. Such a difference
was shown to increase with the formal oxidation state of
3d transition metal ions?®. Based on results for many dif-
ferent Mn compounds the average value of K35 5-Kf 3
was deduced to increase linearly by about 1.3 eV per oxi-
dation unit*®. In the case of Lag_o4 51149, MnsO7 we find
it to be two times larger, which indicates much stronger
modification of Mn ionic potentials upon hole doping
than typically observed in manganese oxides.

The energy difference K fBs5-K (3" reflects the energy
separation between molecular orbitals with ligand s and
p character??43, which usually correlates with the atomic
number of the ligand and thus it is used to identify
ligands®. However, little is known on the doping depen-
dence and, to our knowledge, there are no such studies
concerning manganites. It has been shown that in tran-
sition metal oxides the K (3 5-K " separation typically
is of about 15-16 eV and a similar value can be deduced
from XPS measurements on £=0.4 Lag_9,S11,2,Mns07
sample”. This is what we also observe in VTC spec-
tra shown in Fig.6c,d. Moreover, such high resolution
spectra show that this difference systematically decreases
with doping, reaching approx. 15 eV at z=1. It indicates
that the doping changes ligand orbitals of s character
more than the p ones. From Kpfs5-K3" as a function
of < dyn-0 > (Fig.6¢) one could conclude that the value
expected for =0 would likely be significantly different
than that for LaMnOg. This is expected since K 33 5 line
strongly depends on the metal’s local symmetry3®42.

Overall, XANES and XES parameters, which depend
on the local structure, show such doping dependence that
their extrapolation to a hypothetical LasSrMnsO7 (2=0)
would result in significantly different values than that ob-
served for LaMnQO3. These are the doping dependencies
of: the edge position (Fig.5a); energy of K5 and K 3"
(see the supplement!® and supplementary Fig.7a); energy
differences between XES lines (Fig.6b, c¢). At the first
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FIG. 7. Normalized IAD for Las_2,;Sr1+2,Mn207,
Lai_Sr1:oMn043°, Ndo.5Sro.5MnOs'®  with respect to
LaMnOj (IAD=0) and CaMnO3 (IAD=1)"**% Black empty
square indicates the value extrapolated to LazSrMn2Or
(xz=0). Solid black line is a linear fit to data for
Lag_255r1:2,Mn20O7 samples.

sight one might think that this is obviously due to the
fact that LaMnQOg3 has very different type of crystal and
local structure (distortion of MnOg octahedra). How-
ever, single layer LaSrMnO, has a tetragonal structure
as bilayered compounds, but has the edge energy almost
the same as LaMnO3!'®. It indicates that crystal struc-
ture evolution (Mn-O distances) in bilayered manganites
is affected by hole doping less than in other families. On
the other hand the local Mn charge in bilayered family
evolves in agreement with a trend set by LaMnOg and
CaMnOj; (Fig.6a).

All these observations are revealed by the depen-
dence of the edge energy and IAD plotted as a func-
tion of < dym-o >, which provide estimation of the ex-
pected average Mn-O distance for =0 bilayered com-
pound. Extrapolations shown in Fig.5c and Fig.7 indi-
cate < dyp-o > ~ 1.97(1). However, a structure with
such small < dym-o > is unlikely to be realized taking
into account ionic radii of six-fold coordinated formally
Mn3* (0.645 A) and two-fold coordinated 02~ (1.35 A).
On the other hand, single-layer Laj_,Sr1,,MnQOycan be
synthesized from z=0, but such a compound is strongly
elongated along c-axis resulting in very strong distor-
tion (see the supplement!® and supplementary Fig.2) and
< dyn-o > of about 2.02 A, which is nearly identical to
that in LaMnQOgs. The main difference between these sys-
tems is related to structural anisotropy. In single-layer
compounds the distortion of MnOg octahedra is static,
while in the pseudocubic manganites the dynamic Jahn-
Teller effect is present. Nevertheless, both compounds
exhibit nearly identical Mn K-edge energy, which is sig-
nificantly different than expected for =0 bilayered man-
ganite. Upon comparison of IAD between these families



and bilayered one, characterized by non-distorted octa-
hedra, we can deduce that local charge transfer from
Mn towards oxygen is enhanced by static distortion.
Provided that lattice can accommodate such distortion
(anisotropic charge distribution), the compound might
be stable. Apparently, it is not the case of bilayered fam-
ily, where simultaneous distortion and charge transfer are
not possible in the rigid crystal structure. We suggest
that this is the reason why Lag_o,Sr1,:9,MnsO7 family
can be synthesized only starting from z=0.3'%. These
observations indicate that there is an intimate relation
between the < dym-o > and the localized Mn charge,
which enables a formation of stable structures.

V. CONCLUSIONS

The Mn K-edge x-ray absorption spectra of bilayered
manganites show doping dependence, which is similar to
other manganites and manganese oxides, e.g. the shift of
edge energy and the evolution of pre-edge features. How-
ever, the absolute values of the chemical shift are bigger
in Lag 9,511,192, MnsO7 family compared to other man-
ganese perovskites with La and Sr. K x-ray emission
spectra show even more significant differences. Mn spin,

and thus the localized charge, changes linearly with dop-
ing, which is in contrast to single-layer Laj_,Sr14,MnQy.
Since XANES and XES probe simultaneously the local
structure and electronic properties, we were able to ex-
plain why bilayered manganese perovskites cannot be
synthesized in the entire Sr doping range. Our results
show that for low doping (z < 0.3) the expected Mn
charge and the average Mn-O distances would correspond
to structures, which cannot be realized. We assume that
such analysis could be applied to other transition metal
oxide families in order to assist in prediction of their
structural stability upon e.g. chemical doping or external
pressure.
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