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Abstract. Ols and Mn2p near-edge X-ray absorption spectroscopy on Laj_;Sr14,MnO4 (0 < z < 0.5)
single crystals shows that Sr doping does not only provide holes to the system but also induces a contin-
uous transfer of electrons from out-of-plane dz,2_,2 to in-plane dz,2_,2/ds,2_,2 orbitals. Furthermore, a
non-vanishing electron occupation of in-plane d,2_,2 and out-of-plane ds,2_,» orbitals is observed up to
relatively high doping contents. These findings demonstrate that the energy difference between all these
orbital types has to be very small and manifest that the orbital degree of freedom is determined not just
by crystal field effects but also by orbital coupling. Moreover, the doping-dependent transfer of spectral
weight observed in the current data identifies Lai_,Sr14+,MnQOy4 as a charge-transfer insulator.

PACS. 74.25.Jb Electronic structure — 74.62.Dh Effects of crystal defects, doping and substitution —

78.70.Dm X-ray absorption spectra

1 Introduction

Manganites are, in many respects, peculiar and fascinat-
ing transition-metal oxides: beyond the strong electron-
correlation effects inherent to many 3d-electron systems,
they exhibit cooperative Jahn-Teller interaction, colossal
magnetoresistance (CMR), and an unusual interplay be-
tween spin, charge, and orbital degrees of freedom. All
this leads to a large number of competing magnetic and
electronic phases, with charge- and orbital-ordered states
being at the center of interest [1]. Among these materials,
single-layered Laj_,Sr14,MnOy4 stands out: not only does
it show, for © = 0.5, the same perfect charge/orbital or-
dering (CO/0Q0) and CE-type antiferromagnetism usually
observed only for its 3D pseudo-cubic perovskite counter-
parts [2-4] — it does so with a rather 2D character (both
structurally and electronically) and without suffering from
twinning and multi-domain effects. Undoped LaSrMnOy4
(x = 0.0) has the body-centered tetragonal KoNiFy struc-
ture [5] with O(1) in-plane and O(2) apical oxygen sites.
The undoped system is known to be a C-type antiferro-
magnetic (AFM) insulator below the Néel temperature
Tn ~ 125 K, yet additional ferromagnetic (FM) corre-
lations are observed in magnetic susceptibility measure-
ments [6]. Hole doping by partial replacement of La3*+ with
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Sr2* significantly reduces the resistivity, nevertheless the
system remains insulating for all Sr contents x and ex-
hibits CMR only by the application of very high magnetic
fields [7]. On the other hand, Ty rapidly decreases with
increasing x, and between approximately 0.2 < x < 0.4
spin-glass characteristics appear below T, ~ 25 K [2,8].
For x = 0.5, finally, the system shows the CO/OO and
CE-type phase below Tco/00 = 225 K and Tcg = 110 K,
respectively [3]. The e, orbital ordering in this phase, how-
ever, is currently controversial [9-17]: resonant scattering
experiments at the Mn K [4,10] and L [14,15] edges point
to the generally assumed d3,2_,2/ds,2_,2 pattern, linear
dichroism results [16] and more recent resonant scattering
experiments at the Mn Ly r edge [17] were interpreted
as evidence for the ordering of d,2_,2/d,2_,» states. Since
both ordering scenarios are compatible with the same lat-
tice symmetry it is hard to distinguish between these or-
bital types, and more direct methods have to be used. To
resolve this ambiguity and to determine the room temper-
ature (293 K) ey orbital occupation in Laj_4Sr14,MnOy
(0 < x < 0.5) we investigated this system with near-
edge X-ray absorption fine structure (NEXAFS). Ols and
Mn2p NEXAFS probes precisely and sensitively the un-
occupied density of states with O2p and Mn3d charac-
ter, i.e., the relevant states at the Fermi level, EFr. The
current study clearly shows that Sr doping does not only
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provide holes to the system but also induces a continu-
ous transfer of electrons from out-of-plane ds,2_,2 to in-
plane dsz;2_,2/ds,2_,2 states. Despite the dominant role of
these orbitals, a certain electron occupation of the in-plane
dy2_y2 and out-of-plane ds,2_,2 orbitals is found for the
investigated doping range. The current study reveals that
the orbital degree of freedom is determined not merely by
the crystal field, E,, but also by an orbital coupling, G,
which originates from magnetic, electronic, and/or coop-
erative Jahn-Teller interactions.

2 NEXAFS on La;_,Sr1,xMnO,

O1s NEXAFS was recorded in bulk-sensitive fluorescence
yield (FY), while Mn2p NEXAFS was measured in total
electron yield to avoid the strong self-absorption effects
present at this edge. The experiments were performed
at the National Synchrotron Light Source (NSLS) using
the NRL/NSLS beamline U4B, with the energy resolu-
tion set to 0.21 (0.29) eV at 530 (640) eV. Simultaneously
recorded NiO spectra allow energy calibration to better
than 30 meV. Details on crystal growth and data eval-
uation can be found in [6,18]. The high quality of the
single crystals was corroborated by X-ray and neutron
diffraction on the same samples [19,20]. These experi-
ments also show that the MnOg octahedron has a strong
tetragonal distortion D = dym—o(1)/dvm—0(2) =~ 1.20 for
x = 0 [21]. With increasing Sr content, the distortion re-
laxes and D = 1.14, 1.08, 1.06, and 1.03 for x = 0.13, 0.25,
0.40, and 0.50, respectively. Using the polarized character
of synchrotron radiation for NEXAFS and taking the es-
tablished picture of the manganites into account where
the spectral region around EF is dominated by O orbitals
which are o-bonded to Mn 3d3,2_,2 and 3d,2_,> states,
Ella (and symmetry-equivalent E|/b) contributions are
mainly caused by unoccupied O(1)2p, (O(1)2p,) states.
By the same token, the O(2)2p, orbitals of the apical
oxygen sites predominantly contribute for E||c. Informa-
tion on the unoccupied Mn3d states can be obtained from
the corresponding polarization-dependent NEXAFS of the
Mn2p edge, although the situation is more complicated
there. Yet hybridizations between O2p, and Mn ty, or-
bitals cannot be neglected a priori. Especially for the
strongly elongated MnOyg octahedron of LaSrMnQOy, unoc-
cupied 3d. . states might be lowered to the energetic po-
sition of the 3d,2_, states and the corresponding spectral
weight could contribute to the NEXAFS spectra. Upon
doping, however, the octahedral distortion relaxes, and the
spectral weight of the 3d., ,. states should thus be consid-
erably moved to higher energies. The fact that neither for
the El|ja spectra shown in Figure 1 nor for the E||c spec-
tra depicted in Figure 2, any indication for such a shift
is found strongly supports the view that hybridizations
between O2p, and Mn iy, states play only a minor role
for the manganites [22]. The corresponding assignment
of the E|la and El|c spectral contributions around Eg
to O(1)2p,~Mn3d,2_,» and O(2)2p.~Mn3ds,2_,2> hybrid
states, respectively, is therefore consistent with the cluster
calculations for an MnOg octahedron in reference [23].
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Fig. 1. Ols E|ja NEXAFS spectra of Laj_;Sri14.MnOy4 (0 <
z < 0.5). Upon doping, the spectral weight of the valence band
is increased on the expense of the upper Hubbard band. In the
left part of the figure the occupation of the e, and a4 levels
expected for are strongly elongated octahedron is depicted. The
dashed curve corresponds to the low-temperature (T' = 80 K)
spectrum of Lag.5Sr1.5MnQOy.
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3 Results and discussion

Figure 1 shows the Ols El|a spectra of Laj_;Sr14,MnOy
(0 < 2 < 0.5) [24]. Three distinct features appear in the
spectra: (i) the valence band (VB) whose position moves
with doping from ~530.2 eV to ~529.5 eV — its spectral
weight is a measure for the number of holes in O(1)2p,
(O(1)2py) orbitals; (ii) the upper Hubbard band (UHB)
at ~531.3 eV — it is seen in O1s spectra due to the o-type
hybridization of the O(1)2p, (O(1)2py) orbitals with the
Mn3d e, states. Its intensity is highest when the e, state
is half filled, it disappears when the e, state is empty,
and the doping-dependent transfer of spectral weight ob-
served between this peak and the VB indicates that it can
indeed be identified as a UHB; (iii) a pronounced peak at
~532.7 eV — this feature is attributed to hybridizations
with La/Sr states and will not be discussed here in more
detail. Additionally, a sketch of the expected occupation
of e4 and ty, states for Mn3t in a strongly distorted oc-
tahedron is depicted: due to both FM Hund’s interaction
and strong correlation effects, each of the three to4 levels
is singly occupied and the e, electron is expected to reside
in the out-of-plane ds.>_, state while the in-plane d2_,»
state remains totally empty.

In accordance with this picture, spectral weight is ob-
served for the VB of undoped LaSrMnQy, i.e., holes re-
side on O(1)2p, (O(1)2p,) orbitals which are strongly hy-
bridized with dg2_, states. Simultaneously, however, also
a remarkable intensity of the UHB is observed for undoped
LaSrMnOy. This, in turn, means that the in-plane d2_,»
states are not completely empty and since in total only
one electron remains for the two e, orbitals, some extra
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Fig. 2. Ols E|lc NEXAFS spectra of Lai_;Sri14-MnOy4 (0 <
z < 0.5). Upon doping, the VB is increased, the UHB reduced.
For x = 0.5 a clear double-peak feature occurs. In the left part
a sketch of the experimentally observed electron distribution
on the eg4 levels is given. The dashed curve corresponds to the
low-temperature (7" = 80 K) spectrum of Lag.5Sr1.5 MnOy.

holes have to reside on out-of-plane ds3,2_,2 states, moving
this band away from half filling.

Confirmation for this view comes from the correspond-
ing Ols El|c spectra of LaSrMnO, in Figure 2. There,
a distinct UHB is observed which points to a high (yet
less than half-filled) electron occupation of the ds.2_,2
states. Nevertheless, a noticeable VB feature appears, in-
dicating that a certain amount of holes occupies out-
of-plane ds,2_,2 and a complementing small number of
electrons in-plane d,>_,» states. Rough estimates for the
hole/electron count derived from an orbital-dependent in-
tegration [25] point to an electron occupation of ~15%
(0.15 electrons) for the d,2_,2 orbitals. Upon increasing
the Sr content z, the spectral changes observed in Fig-
ures 1 and 2 show the typical charge-transfer insulator
behavior: the UHB is continuously reduced and the VB
increases, indicating that holes are created in in-plane
and out-of-plane states and that spectral weight is trans-
ferred from the UHB to the VB. At first glance, this might
seem to mean as if further electrons were to be removed
from already empty d,>_,» states. Of course, this is not
the case, and this point will be clarified below. In con-
trast to the E|la data, where the UHB is suppressed for
the higher doping contents, a clear UHB feature persists
for all Sr concentrations in the E||c spectra, i.e., a de-
creasing but non-vanishing number of electrons is present
in ds,2_,2 states for the investigated doping range. For
Lag 5511 5MnQOy, finally, the E|lc data of Figure 2 exhibit
a marked VB double-peak structure (for which first in-
dications might be conjectured already for samples with
lower Sr content). This shows that the O(2)2p, orbitals
are hybridized not only to ds,2_,2 states but also to an-
other type of Mn3d states with apparent out-of-plane con-
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Fig. 3. Comparison of Ols E|a and E|c spectra of

Lag.5Sr1.5MnO4 with E|ja data of LaSrMnO4. The spectral

range between 527 and 530.5 eV is divided into four areas for

oxygen hybridizations with: 1 d3,2_,2, 2a and 2b d,2_,2, and

3d,2_,2/d,2_,2 states.

tributions. In order to identify these states and to ob-
tain some crude estimates for the orbital occupations,
we compare in Figure 3 the E|la and E||c spectra of
Lag 5Sr1.5MnO,4 with the E|la data of LaSrMnO4. With
the conspicuous double-peak feature present, the spectral
range between 527 and 530.5 eV should roughly be di-
vided into four regions: Area 1 (yellow) only appears for
the E|lc data of Lag5Sr; sMnOy and, hence, can easily
be assigned to O(2)2p, orbitals hybridized with d3,2_,2
states. Area 2a (green) was already discussed above and
is ascribed to O(1)2p, (O(1)2p,) orbitals hybridized with
dy2_,2 states. Area 2b (green) occurs just for the Ela
spectra of Lag 55r1 sMnOy4 and, thus, is attributed to the
same hybrid states. Area 3 (magenta) contains the remain-
ing spectral weight. Since this intensity shows up in both
the Elja (E|/b) and the E|lc spectra of Lag 5Sr1 s MnOy,
it has to belong to hybrid states which are o-bonded to
0(1,2)2p orbitals and are symmetric with respect to the
2 (y-) and zaxis. The only states fulfilling these criteria
are the d,2_,2 (d,2_,2) states. Hence, the aforementioned
doping-dependent increase of the VB in the E|la spectra
of Figure 1 is not caused by a decrease of electrons on
dg2_,2 states but rather by an increase of holes on d.>_,>
(d,2_,2) orbitals.

Upon cooling Lag 55r; sMnO4 down to 80 K, only
small spectral changes are observed (dashed lines in Figs. 1
and 2), and in the terminology of Figure 3, the out-of-
plane spectra of Figure 2 suggest a slight increase of Area 1
at the expense of Area 3. If anything, such a finding would
not be compatible with simply a reduced phonon broad-
ening [26] but points to a certain, small transfer of holes
between ds.>_,2 and d,2_,2 (d,2_,2) states with temper-
ature. That the transfer is but small, on the other hand,
directly shows that even at RT most of the e, electrons
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Fig. 4. Comparison of the MnLi,i1 E|la and El|c spectra
of LaSrMnQO4 and Lag.5Sr1.5sMnOy4 taken at 293 K. While for
LaSrMnOy the in-plane and out-of-plane spectra strongly dif-
fer, they are almost identical for Lag.5Sr1.5MnOg4. This implies
that for the latter, holes reside on hybrid states which are sym-
metric along the 2~ (y-) and zaxis.

already do reside on in-plane (dsz2_,2/ds,2_,2) orbitals.
Diffraction [19,20] and soft X-ray resonant scattering ex-
periments [27] indicate an additional in-plane distortion
of the Mn-O(1) bond for T' < Tco /00 ~ 225 K, which, in
turn, suggests that for lower temperature the in-plane e,
electrons become increasingly localized since the ds,2_,2
and dg,2_,2 orbitals start to arrange themselves according
to the CE-type charge and orbital ordering pattern. The
present data show that this occurs without any further
significant transfer of electrons to the in-plane orbitals,
let alone a change in the orbital character.

The Ols results must be reflected at the Mn2p edge
as well. In Figure 4 the Mn2p E|a and E|c spectra,
normalized at 670 eV, are shown for undoped LaSrMnQOy4
and half-doped Lag 5511 5MnQO4. Corresponding to the 6
(7) holes expected for a Mn3* 3d* (Mn** 3d?) config-
uration the Liyr and the Liy edge have a high intensity
and a width of ~4 eV. Obviously, the E|la and E||c spec-
tra of LaSrMnQOy strongly differ from each other, i.e.,
holes/electrons reside on different orbitals [24]. With in-
creasing hole content x, the E||a intensity of the Ly (Lir)
edge is considerably reduced and for E||c spectral weight
is redistributed between feature A (A’) and B (B') at
the Lip (Lir) edge. The intensity reduction observed for
E||a despite of an increasing hole content clearly indicates
that hole doping induces a transfer of electrons from out-
of-plane states to orbitals with noticeable in-plane contri-
butions. The E|/c data show that spectral weight is re-
distributed until for Lag5Sr; sMnOy the Ella and E||c
spectra are almost point-to-point equivalent, illustrating
that for x = 0.5 holes reside on hybrid states which are
symmetric with respect to the z- (y-) and zaxis. Thus, the
Mn2p spectra support the result of the Ols data that for
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x = 0.5 holes mainly reside on d,2_,2/d,>_,» states and,
consequently, electrons predominantly occupy the corre-
sponding orthogonal states, i.e., dsg2_,2/dg3,2_,2 orbitals.

For Lag 5511 sMnQOy, a crude estimate (similar to the
one above for LaSrMnQy) derived from the Ols edge indi-
cates an electron occupation of =85% (0.42 electrons) for
the dsg2_,2/ds,2_,2 hybrids while ~15% (0.08 electrons)
remain on the ds,2_,2 hybrids. This is at variance with
the interpretation in reference [16], and already the Mn2p
linear dichroism derived from the present data points to a
simultaneous occupation of dsy2_,2, dgy2_,2, and dz,2_,2
hybrids.

4 Conclusions

In summary, the following picture can be assembled from
the NEXAFS results: For the strong tetragonal distor-
tion of the octahedra in undoped LaSrMnOQOy, the crys-
tal field establishes an AFM ferrodistortive ordering and
electrons mainly occupy out-of-plane O(2)2p.-Mn3ds,2_ 2
and holes in-plane O(1)2p, ,-Mn3d,>_,2 states. Contrary
to what is widely believed, however, the former are not
completely filled and the latter not totally empty. This
is possible only when the energy difference of these or-
bitals is much smaller than expected from mere crystal
field splitting. In other words, F, seems to be almost —
yet not fully — compensated by an antiferrodistortive cou-
pling, GG, originating from magnetic, electronic or cooper-
ative Jahn-Teller interactions [28], and E, 2 G. Never-
theless, NEXAFS cannot decide if electrons on the Mn?+
sites fluctuate between these orbitals or if the occupa-
tion of the d,2_,» states is energetically favored on spe-
cific octahedra. Phase separation into domains with a size
of several ym, however, where either the d,2_,2 or the
d3,2_,2 orbitals are favored on all Mn sites can be ex-
cluded from our X-ray diffraction investigations [19]. In
any case, the fact that electrons reside in d;2_,» states
as well explains the additional ferromagnetic (FM) cor-
relations seen in susceptibility measurements [6] on the
same samples. With increasing Sr content, the cooperative
coupling starts to compensate the crystal field splitting
fully (E, ~ G) and electrons are continuously transferred
to in-plane dgy2_,2/ds,2_,2 orbitals. The almost degen-
erate energies for the ds,2_,2/ds,2_,2 and ds,2_,2 or-
bitals also lead to a high degree of orbital disorder which
is reflected by the large temperature factors observed in
diffraction data on the same crystals [19,20] and by the
spin-glass behavior for samples with 0.2 < z < 0.4 [2,8].
For Lag 5511 5MnQy, finally, the checkerboard arrange-
ment of valence-ordered Mn3* and Mn** with electrons
on alternating dz;2_,2 and dg,2_,2 orbitals at Mn3* sites
is expected from diffraction data at T' < 225 K. Even
in this doping regime, however, the present NEXAFS re-
sults indicate a temperature-independent non-vanishing
amount of electrons remaining on out-of-plane ds,2_,.2
states. On-site correlation effects produced by these elec-
trons may also explain why Lag 55r; 5sMnQO, is an insu-
lator instead of a one-dimensional metal which might be
expected from the Zener double-exchange for neighboring
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Mn3*/Mn?* sites [29]. Since also for z = 0.5 a tempe-
rature-independent tetragonal distortion of ~3% persists
for the octahedra, it is 0 < E, < G. In all instances,
thus, orbital coupling seems to be the driving force for
the electron occupation of in-plane ds,2_,2 /ds,2_,> states,
while the crystal field is responsible for the electrons re-
maining in the out-of-plane ds,2_,2 orbitals. This result
again shows that the orbital degree of freedom in single-
layered Laj_,Sr14,MnOy (0 < z < 0.5) is determined by
a delicate balance between crystal field effects and orbital
coupling mechanisms provoked by magnetic, electronic
and/or cooperative Jahn-Teller interactions. In effect, this
fine balance then leads to almost degenerate energies for

the dy2_ 2, d3.2_,2, and d3l.2_7.2/d3y2_,«2 orbitals.
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