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The doping-dependent valence, orbital, and spin-state configurations of single-layered La,_,Ca,CoO,4 (x = 0,
0.5, 1, and 1.5) were investigated with temperature-dependent near-edge x-ray absorption fine structure at the Co
L3 and O K edges. The spectra show that in La,CoQy, the superexchange between neighboring Co>* HS states
is responsible for the strong antiferromagnetism. With increasing hole doping, the superexchange interactions
between Co>* HS ions are rapidly reduced by interlaced nonmagnetic Co** LS. For La; 5Cag5CoQy, the low
Néel temperature of the samples together with the 50% Co?* HS and 50% Co®* LS configuration suggests a
checkerboard arrangement of these ions. The spin blockade resulting from this arrangement naturally explains
the high resistivity of La, 5CaysCoO4. Upon further doping, Co** HS ions are replaced by Co’t HS, and for
LaCaCoO, a mixture of Co** LS and Co** HS occurs. Superexchange via configuration fluctuation processes
between these two species seems to induce long-range ferromagnetism, while the superexchange between adjacent
Co** HS neighbors may lead to a competing antiferromagnetic exchange. For a doping content beyond x = 1,
Co*™ HS is introduced to the system at the expense of Co®>* LS, and a ,, double exchange between Co*™ HS and
Co** HS is established, which further enhances ferromagnetic interactions and reduces resistivity. No indications

for a Co’* IS state are found throughout the La,_,Ca,CoQ, doping series.
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I. INTRODUCTION

For many transition-metal oxides, the intricate interplay
between charge, spin (up or down), orbital, and lattice degrees
of freedom leads to interesting and unusual electronic and
magnetic phenomena such as high-temperature supercon-
ductivity, colossal magnetoresistance, and complex magnetic
orbital ordering. In the case of the cobaltates, an additional
intriguing aspect is found—the spin state degree of freedom.
Depending on the delicate balance between the crystal-field
splitting Acg, i.e., the energetic splitting between #,, and
e, orbitals, and the exchange interaction J., associated with
Hund’s rule coupling, a Co** ion in a cubic O, symmetry
can occur in different spin states: a low-spin state (LS,
tzﬁgeg, S = 0) is stabilized for a strong crystal field, while
a high-spin state (HS, t‘z‘geﬁ, S =2) is found for a weak
crystal-field splitting. Since the energy difference between
these two ground states and the excited intermediate spin
state (IS, tggeél,, S =1) is so small that the latter may be
thermally activated, the IS has also been discussed as a
further possible ground state in the cobaltates.'”'® A Co’*+
IS ground state may be stabilized either by the gain of kinetic
energy induced by a half-filled broad e, conduction band or
by a strong Jahn-Teller distortion. Yet despite the fact that
no consensus has been reached so far, many investigations
show that the IS configuration is energetically not favored
for the tilted but essentially regular CoOg octahedron in
LaCo0O3.!""!1® A more promising candidate for an IS state
might be the single-layered La,_,Ca,CoO4 compound: For
this system, the K,NiF, structure with the tetragonal space
group 14/mmm found for the doping range 0.3 < x < 0.8
(and the orthorhombic space group Bmab otherwise) leads to
aconsiderable elongation of the octahedron and, consequently,
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to a notable splitting of the e, states, which is a prerequisite
for an IS state.!”23

The parent compound La,CoQOy is an antiferromagnetic
insulator with a Néel temperature, Ty, of 275 K,>*2° and the
Co** ion is in an HS (tzsgeg, S = 3/2) configuration. Partial
replacement of La** by Ca?* or Sr** introduces holes to the
system and changes the corresponding Co valency from +2
to +3. Concomitant with hole-doping, the substitution leads
to a rapid suppression of the antiferromagnetic ground state,
and a checkerboard arrangement of Co?* HS and Co®* LS
states is observed for the related La; 5Srg5CoO, system.?”-?
The spin blockade resulting from this configuration explains
both the high charge-ordering temperature (Tco =~ 750 K)
and the low spin-ordering temperature (Tso < 30 K).272%30
Upon further hole doping, the resistivity is strongly reduced,
and for LaSrCoO, (which contains only Co**), the magnitude
of the resistivity is of the same order as that of LaCo0;.3"3?
Nevertheless, no indication for mobile charge carriers is found.
Due to the concurrent decrease of the effective moment per Co
site, Uefr(Co), and the Weiss temperature, ®, it was suggested
that some induced ferromagnetic interaction competes with
the original superexchange antiferromagnetism.?! The Co**
doping for samples with a doping content x > 1 establishes
ferromagnetism and leads to a significant reduction of the
resistivity due to the presence of mobile charge carriers.??
Similarly to Co**, the Co** ion can in principle have an HS
(tggeﬁ, S =5/2),an LS (tzsgeg, S =1/2),oranlIS (tg‘gei,, S =
3/2) configuration. To explain the doping-dependent transport,
magnetic, and structural characteristics of La,_, Sr,CoO,4 and
La,_,Ca,CoOy, several scenarios for the Co>* spin state have
been suggested for the doping series, ranging from Co’* LS
(Refs. 27 and 28) to Co>" IS states (Refs. 29 and 30) and
finally to HS/IS transitions! and HS/IS mixtures.?>?3
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To shed more light on the doping-dependent orbital and
spin states of the Co ion in the single-layered cobaltates,
we have investigated the La,_,Ca,CoOs system (x =0,
0.5, 1, and 1.5) with temperature-dependent near-edge x-ray
absorption fine structure (NEXAFS) at the Co L, 3 and O
K edges. Utilizing multiplet simulations, the configuration
of the corresponding spin, orbital, and valence states is
determined for the investigated doping contents. To explain the
doping-dependent changes of the absorption spectra and of the
magnetic properties of the samples, a microscopic picture of
the relevant magnetic and electronic interactions is developed.

The paper is organized as follows: Section II covers sample
preparation and data collection. In Secs. III A and I1I B, we will
expound the features of the Co L, 3 and O K NEXAFS studies.
Section III C discusses the implications of the NEXAFS results
in view of a microscopic picture of the spin-state structure and
the exchange mechanism. Finally, in Sec. III D the temperature
dependence of the spin states is examined. The results are
summarized in Sec. IV.

II. EXPERIMENTAL

Polycrystalline La,_,Ca,CoO,4 samples with x =0, 0.5,
1, and 1.5 were prepared by standard solid-state reaction
using La, 03, CaCO;, and CoO powders with a purity >
99.9% as starting materials. First, the powders were mixed
in stoichiometric composition and calcinated at 950 °C for
24 h. Before sintering, the powders were milled in a ball-mill
for 30 min. The first sintering step was carried out at 1150 °C
for 40 h under ambient conditions. After the first sintering
step, the powders were ground again and pressed to pellets
with a diameter of 12 mm. Since the melting temperature
of the composition decreases with increasing Ca content, the
sintering temperature was also decreased from 1350 °C to
1300, 1200, and 1150 °C for x = 0, 0.5, 1, and 1.5, respec-
tively. The second sintering step was carried out for 40 h under
ambient conditions for x > 0.5. Undoped La,CoO, samples
were sintered in vacuum at 10~* mbar to achieve complete
reduction of cobalt to Co?*. The samples were characterized
by x-ray diffraction (XRD) and by superconducting quantum
interference device (SQUID) magnetometry. For the latter, the
effective magnetic moment was deduced from the inverse of
the susceptibility measured in the temperature range 200 <
T < 300 K.?° The lattice parameters, the space group (SG),
the Néel temperature Ty, and the Curie temperature 7¢ for
La,_,Ca,CoO4 (x = 0.0, 0.5, 1.0, and 1.5) samples are given
in Table I. The XRD and magnetometry results are consistent
with the structural formula of the samples. As a representative
example, the Rietveld refinement on the room-temperature
x-ray diffraction pattern of La; 5CaysCo0Oy4 (after Ref. 20) is
shown in Fig. 1. The powder patterns were measured in the
20 range between 10° and 95°, and refined employing the
FULLPROF program package. Despite two very small unindexed
reflections around 20 = 29.9° and 39.5° (with an intensity
I < 5% compared to the 113 reflection of La; 5Cag5C0Qy4),
contributions from secondary phases can be excluded. The
reduction from the tetragonal /4/mmm to the orthorhombic
Bmab symmetry for samples with x # 0.5 might be induced
by the tilting of the CoOg octahedra due to the decrease of
the averaged ionic radius of the (La, Ca) site produced by

PHYSICAL REVIEW B 84, 014436 (2011)

TABLE I. Lattice parameters, space group (SG), Néel temper-
ature Ty, and Curie temperature 7 for La,_,Ca,CoO,4 (x = 0.0,
0.5, 1.0, and 1.5). The pseudocubic in-plane lattice parameter [a for
14/mmm and (a + b)/(2 x V/2) for Bmab], the ¢ lattice parameter,
and as consequence also the volume of the unit cell strongly
shrink upon Ca doping. Specimens with Ca contents of x = 0.0
and 0.5 are antiferromagnetic while those with x = 1.0 and 1.5 are
ferromagnetic.

X SG a (A) bA) cA) Ty (K Tec(K)
0.0 Bmab 5.521(3) 5.486(3) 12.631(5) 275
0.5 I4/mmm 3.819(2) 12.300(5) 8
1.0 Bmab 5429(3) 5.363(3) 12.101(5) 92
1.5  Bmab 5.393(3) 5.351(3) 11.964(5) 140

the Ca substitution. Alternatively, a small amount of oxygen
deficiency (see NEXAFS valence analysis below) might be
responsible for the tilting. In the latter case, however, neither
XRD nor magnetometry is sufficiently sensitive to determine
such small deviations from the expected stoichiometric oxygen
content.

Temperature-dependent NEXAFS measurements were per-
formed at the Institut fiir Festkorperphysik beamline WERA
at the ANKA synchrotron light source (Karlsruhe, Germany).
The spectra at the Co L, 3 edge were taken in total electron
yield (TEY) while the fluorescence yield (FY) was utilized
for the O K edge. Directly before data collection, the
samples were scraped in a preparation chamber with a base
pressure around 2 x 10~ mbar and immediately transferred
in ultrahigh vacuum to the NEXAFS chamber with a base
pressure of 1 x 107'% mbar. All spectra were measured with
linearly polarized light and in a normal-incidence geometry.
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FIG. 1. (Color online) Rietveld refinement of the room-
temperature x-ray diffraction pattern of La;sCags5CoO, (after
Ref. 20), shown as a representative example for the series investigated.
Measured data are shown as red dots, calculated data as a black
curve, and the difference between measured and calculated data
as a blue curve that is vertically offset from the zero line. All
fundamental reflections can be indexed using space group 14/mmm.
The expected Bragg positions are indicated as green tick marks. The
strong background is due to Co fluorescence induced by the Cu K o
radiation.
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The energy resolution of the absorption spectra was set to
0.3 eV for the Co L, 3 edge and to 0.15 eV for the O K
edge. After correction for photon flux variations and for the
background, the spectra were normalized at the edge jump.
Saturation and self-absorption effects, usually unavoidable
for FY data, were corrected with the method outlined in
Refs. 33-37. Photon energy calibration was ensured by adjust-
ing the Ni L3 peak position measured on a NiO single crystal
before and after each NEXAFS scan to the established peak
position. '8

III. RESULTS AND DISCUSSION

A. Co L, 3; NEXAFS

The Co L,3 NEXAFS spectra of La, ,Ca,CoO4 (x =
0, 0.5, 1, and 1.5) are displayed in Fig. 2.3® Due to the
strong charging effects observed for lower temperature, only
the 300 K TEY data are depicted. The absorption spectra
correspond in first order to transitions of the type Co 2 p%3d" —
Co 2p°3d™! (n =15, 6, and 7 for Co*t, Co’*t, and Co’T,
respectively). They consist of two manifolds of multiplets
situated around 780 eV (L3) and 795 eV (L,) and separated
by the spin-orbit splitting of the Co 2p level. The labeling of
the spectral features is given in Figs. 2 and 3. For the Co Lj
edge of La,CoQy, the first feature is observed at 777.4 eV
(P1) followed by a strong peak at 778.7 eV (P2). From the
changes in the slope, a further feature around 780.2 eV (P3)
can already be inferred for this sample from the measured
data. A small shoulder (P4) is found around 781.7 eV. At
the L, edge, peak PS5 is found around 794 eV with a small
shoulder both on the low-energy and high-energy side. Upon
hole doping, i.e., for La; sCay5Co0Q,, the spectral weight of
P1 and P2 is reduced and features P3 and P4 strongly increase.
At the L, edge, a double-peak structure is found with a
strong peak P5 and a considerably smaller feature P6. For
LaCaCoQy, the spectral weight of features P1 and P2 dimin-
ishes while P3 and P4 grow significantly. Furthermore, the ratio

La,  Ca, CoO,
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FIG. 2. (Color online) Comparison of the Co L, 3 NEXAFS spec-

tra of La,CoQy,, La; 5CagsCo0,4, LaCaCoOy,, and LagsCa; sCoOy

taken at 300 K. The spectral shape of both edges strongly changes
upon doping. For clarity, the spectra are vertically offset.
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FIG. 3. (Color online) Co 2p XAS multiplet calculations of
Co** LS, Co** HS, Co** IS, Co?* HS, and Co** HS. In addition,
the simulated spectra of La,CoQy,, La; 5CaysCo0O,, LaCaCoOy,, and
LaysCa; 5Co0, are also displayed. For clarity, the spectra for the
different configurations are vertically offset. The simulated spectra
are scaled to their corresponding experimental data in Fig. 2.

between P5 and P6 changes: peak P6 clearly increases at the
expense of P5. Nevertheless, P5 remains the dominant feature.
Finally, when going from LaCaCoQO4 to LaysCa;sCoOy,
feature P2 increases, P3 remains essentially constant, and P4
flattens. Moreover, the ratio between P5 and P6 is further
reduced.

The spectra can be qualitatively analyzed in more detail
using atomic-multiplet plus crystal-field calculations. The
code developed by Thole’**! and maintained and further
developed by de Groot*>™ was used to calculate spectra for
different values of the crystal-field splitting Acg and of the
charge-transfer energy A, and by taking the (Hund’s rule)
exchange interaction into account. Charge-transfer effects
were included for Co** by admixing transitions of the type
2p°®3d’ L — 2p° 3d8L, where L denotes a hole in the oxygen
ligand. Correspondingly, 2p® 3d8L — 2p> 3d°L and 2p°®
3d°L — 2p3 3d’L transitions were admixed for Co>* and
Co**, respectively. The Slater integrals were renormalized to
80% of their Hartree-Fock values to approximately account
for intra-atomic configuration interactions. To compare the
calculated data with the experiment, a Lorentzian broadening
witho = 0.2eV (o = 0.3 eV) and a Gaussian broadening with
o = 0.3 eV were applied to the L3 (L,) edge to approximately
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account for lifetime, phononic, and resolution effects. All
multiplet calculations were performed for a Dy, symmetry
of the octahedron. The spectra obtained in this way for the
aj, az, and the ¢ direction were averaged to account for
the polycrystalline nature of the samples. Figure 3 shows
the calculated Co 2p XAS spectra of Co** LS, Co** HS,
Co** 1S, Co?* HS, and Co** HS.*® The calculated spectra
are similar to previous multiplet calculations.'®!3:18:27:47.48
The small variance between the present and our previous
spectra'® is due to the fact that the current calculations were
performed taking account of the tetragonal Dy, distortion
of the octahedron in La,_,Ca,CoQ,4, while for the calcu-
lations in Ref. 18, the cubic O, symmetry of the regular
octahedron in La;_,A,CoO3; (where A denotes Sr or Ce)
was used. In addition, the simulated spectra of La;CoOy,
La; sCap5Co0,4, LaCaCoOy4, and LagsCa; sCoO4 are also
depicted. The simulated spectra are obtained for appropriate
linear combinations of the calculated single-configuration
spectra. The shape of the simulated spectra strongly depends
on the crystal field, charge transfer, spin-orbit coupling,
intra-atomic configuration interactions, energetic position, and
other parameters. All parameters were varied until a reasonable
agreement with the experimental data in Fig. 2 was achieved.
As starting parameters for the (relative) concentration of Co®*,
Co*t, and Co** valence states, the values expected from the
structural formula were used. The approximate distribution
of valence and spin states finally derived from the multiplet
simulations for La,CoQ,, La; sCayps5CoQ,4, LaCaCoQOy, and
Lays5Ca; 5Co04 is summarized in Table II. For reference, the
parameters used for the calculated single-configuration spectra
are given in Ref. 49. For a discussion of the valence and
spin state of the Co ions, the simulations depicted in Fig. 3
reproduce fairly well all major features of the experimental
results at both the L3 and the L, edges in Fig. 2. Such a close
resemblance between the simulated and measured spectra is
possible only if the calculated valence and spin states are
very close to the experimental situation in the corresponding
samples.

The simulations in Fig. 3 show that the spectral shape
of the La,CoO,4 sample in Fig. 2 is correctly described by
high-spin Co?*.>° In addition, the simulations indicate that
the samples with a doping content x > 0 contain ~20% more
Co?* than expected from the XRD and magnetometry data.
This systematic deviation from stoichiometry suggests that
all investigated samples (including La,CoO,) are slightly

TABLE II. Approximate distribution of valence and spin states
derived from the multiplet simulations for La,CoQy, La; sCay 5C0Oy,
LaCaCoOy, and LagsCa; 5CoO, after elimination of the oxygen-
deficiency-induced Co®* contribution. The estimated uncertainty of
each value is ~2%-3%.

Co>* HS Co** LS Co** HS Co*t HS
La;CoOy4 100%
La1‘5Ca05COO4 50% 50%
LaCaCoOy4 55% 45%
LaysCa; 5Co0y4 35% 45% 20%
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oxygen-deficient. From the simulations, the deviation from
stoichiometric oxygen content is estimated to be ~2%-3%.’!

For La; 5CagsCoQy4, the multiplet calculations illustrate
that the spectral shape is a mixture of Co?* HS and Co®* LS
(see also Table II). After elimination of the oxygen-deficiency-
induced Co®* contribution, we obtain a 50% Co>* HS/50%
Co*t LS configuration for La; 5Cag sCoOQy. This clearly shows
that similar to La; sSrgsCoOQy, a checkerboard arrangement
of Co?* HS and Co®* LS is highly probable for x = 0.5 in
the Ca-doped system. Such an arrangement leads to a low
antiferromagnetic spin-ordering temperature and, hence, is
consistent with the low Ty value of La; sCay5CoQ, in Table 1.

For LaCaCoOy, a mixture of 55% Co’t LS/45% Co’*t
HS can be inferred from the simulations. Thus, upon hole
doping, Co’* HS is for the most part replaced by Co’*
HS. As already pointed out for epitaxially strained LaCoOj3
films,'® a mixture of Co** LS and Cot HS states can lead
to ferromagnetic superexchange via configuration fluctuation
processes. It should be mentioned that the number of Co** HS
ions is even higher in the polycrystalline LaCaCoO,4 samples
investigated here than in the epitaxial LaCoOj films of Ref. 18.
This difference, together with the changes of the pseudocubic
in-plane lattice parameter from 3.801 A for LaCaO5 to 3.816 A
for LaCaCoQO,4, might be attributed to a reduced chemical
pressure for the La,_,Ca,CoOy4 system. The increase of the
Co** HS fraction observed for the single-layered system is
an important finding, and we will discuss this item in more
detail in the context of a microscopic picture of the magnetic
exchange mechanism below.

Finally, for LagsCa; sCoOy, a 20% Co** HS, 35% Co**
LS, and 45% Co’* HS configuration is obtained from the
multiplet simulations. This shows that the “effective” doping
content of the nominally LaysCa; sCoO4 sample is smaller
than expected and is around x = 1.2. The reduced “effective”
doping content, however, is most probably caused by oxygen
deficiency in the surface layers mainly probed by TEY, since
no indications for a reduced doping content are observed in
the bulk-sensitive magnetometry data.>> Consequently, we will
continue to refer to this sample as Lay sCa; 5C0oO4 throughout
the remainder of the paper. Moreover, the multiplet simulations
suggest that Co>* LS is partially substituted by Co** HS when
going from LaCaCoOy to LagsCa; sCoO4 while the number
of Co** HS states remains constant. The doping-dependent
changes of the valence and spin states (after elimination of the
oxygen-deficiency-induced Co?*) are summarized in Table II.

It seems also worthwhile to explicitly mention that the
measured data of La,CoQy, La; 5Cag sCo0Qy4, LaCaCoQy,, and
LagsCa; 5Co04 can be simulated quite well without taking a
Co** IS state into account. In principle, already the spectral
shape of the simulated Co** IS state with its broad multiplet
structures at the L, 3 edges (see Fig. 3) clearly demonstrates
that it cannot be a significant species in the system under
study here. On the basis of our multiplet calculations, a
Co** IS state is stabilized for the tetragonal (orthorhombic)
symmetry of the K;NiF, structure only for a splitting of the
e, doublet (x? — y2, 3z — r?) beyond A2 eV. While a large
structural distortion of the CoOg¢ octahedron leads indeed to a
considerable splitting of the e, states (typically of ~0.7 eV as
derived for La,_,Ca,CoO,4 from our multiplet calculations), it
apparently falls far short of the 2 eV required to stabilize the
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IS state as a ground state in our calculations. This interpreta-
tion is consistent with local-spin-density approximation plus
Hubbard U calculations (LSDA + U) where also spin-orbit
coupling and multiplet effects were included.’*>® A further
prerequisite for a stable Co** IS configuration is that the
3z% — r? orbital lies energetically slightly above the xz, yz
states and that the xy orbital is lowest in energy. Moreover,
the probability to find a hole at the O site, described for Co®*
by the 2p®3d’ L configuration, increases from ~213% for an
HS state to &22% for an LS state and finally to ~50% for the
IS state. Corresponding to our calculations, similar arguments
hold for the corresponding Co** configurations. Thus, an IS
state is stabilized only if a very strong crystal field (Acr &
2.4 eV), an unusually strong distortion of the CoOg octahedron
(Ayr £ 2.0 eV), and a significant hybridization between the
Co ion and its O neighbors are present, as suggested in
Ref. 1.

B. O K NEXAFS

In Fig. 4, the O K NEXAFS spectra of La,CoQy,
La; 5Cap5Co00y4, LaCaCoQOy4, and LaysCa;sCoO4 taken at
40 K are compared between 526 and 534 eV.?® In this energy
range, the spectrareflect the unoccupied O 2 p states hybridized
with Co 3d e, and 1,, orbitals. The low-temperature O K edge
data were taken in the FY mode to avoid charging problems
that otherwise could occur for TEY at low temperature.?’
For La;CoQy4, only a small peak appears in the relevant

energy range below 531.5 eV. Corresponding to the tzsgeﬁ

configuration of the Co?>* HS state, the small spectral weight
of this peak reflects the small number of holes in e, states
and an even smaller number in f,, states. Furthermore, the
hybridization between the Co 3d and the O 2p orbitals is
weak for Co?*, as indicated by the probability of ~13% for
the 2p®3d8L configuration (determined from the multiplet
calculations), and, thus, the intrinsically doped holes reside
predominantly on the Co ion.
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FIG. 4. (Color online) O K NEXAFS spectra of La,CoOy,
La; 5Cay5Co0,4, LaCaCoQOy, and LagysCa; 5CoO, taken at 40 K.
The spectral weight for O 2p states hybridized with e, and #,
levels is strongly doping-dependent. Rough estimates for the valence-
dependent 1,, and e, regions are indicated in the figure.
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For La; 5Cap5C0Qy, a strong double-peak structure cen-
tered around 530 eV is found in the absorption spectra. Despite
a certain energetic overlap between the ,, spin-down region
and the e, spin-up area caused by the exchange splitting,”’ it
has been established by temperature-dependent NEXAFS that
the Co®* e, spin-up states are situated around 530 eV while
the Co** 1, spin-down states are found below ~:529 eV.!3-18:47
Therefore, the feature at 530 eV corresponds to a large number
of unoccupied states in the area dominated by Co’* e, states.
The intensity in the predominantly ,, area (below 529 eV), on
the other hand, is very low. This spectral-weight distribution
is consistent with the 50% Co?t HS/50% Co’* LS ratio
derived from the Co L,3 edge, where for the 50% Co*t
LS states (tg’geg configuration) both e, levels are empty and
the f,, orbitals are completely filled. Furthermore, as can be
inferred from the La;CoOj, spectrum, the 50% Co** HS ions
(tfgeg configuration) in La; 5CagsCoO, do not significantly
contribute to the energy range below 531 eV. The current
data for La; 5CapsCoQy are very similar to the results found
for the checkerboard arrangement of Co?>* HS and Co** LS
in La; 5Srp5C004.%” Using LDA + U calculations, it was also
shown in Ref. 27 that the first peak of the double-peak structure
at 529.5 eV can be ascribed to O 2p,—Co 3d,2_,> hybrids,
while the second one ~0.7 eV higher in energy is attributed to
O 2p, ,—Co 3d,>_,> hybrids.

When going to LaCaCoOy4 (which contains only Co’*), the
spectral weight of the e, range remains almost unaffected by
the doping while the spectral weight in the #,, range increases.
More specifically, the doped holes are predominantly found in
the 1, orbitals, i.e., the number of Co’* HS clearly increases
upon hole doping while the number of Co®* LS remains
approximately unchanged. This distribution of the spectral
weight, however, is expected for the mixture of 55% Co’** LS
(tfgeg configuration) and 45% Co*t HS (tfgeg configuration)
determined for LaCaCoO, from the multiplet simulations. In
other words, the observed spectral changes strongly support
the picture obtained from the Co L, 3 edges that Co’t HS

(tzsgeg configuration) is substituted by Co’* HS. Furthermore,

a Co’t IS state (tfge; configuration) can be ruled out for
LaCaCoO, from the O K NEXAFS spectra, too:’® If Co’* IS
states were indeed introduced to the system upon Ca doping
instead of Co®* HS (instead of Co** LS), the e, spectral
weight, i.e., the number of unoccupied Co*t e, states, would
have increased (would have decreased) when going from
La; 5Cag5Co0y4 to LaCaCoQO4 which is, however, not the case.
Despite a small overlap between the 7,, and the e, region (see
discussion above), the crystal-field splitting might be roughly
estimated from the Co®* 1, and Co** e, peak positions to be
~1.0-1.4eV.

For LagsCaj 5CoQy, i.e., for a doping content x > 1, the
absorption intensity at 530 eV is significantly reduced while
the spectral weight around 528 eV is considerably increased.
To analyze this finding, we take a closer look at the distribution
of valence and spin states derived from the Co L, 3 edges and
from the multiplet simulations (see also Table II): When going
from LaCaCoO, to Lag sCa; 5Co04, the 45% Co>t HS remain
unaffected by the doping while &~ 20% Co* LS are replaced by
Co** HS (t23 e§ configuration). Hence the decrease of spectral
weight around 530 eV can be directly attributed to the reduced

014436-5



M. MERZ et al.

number of Co3t LS states and, as a consequence of the fact
that the number of Co®* HS remains unchanged, the increase
of spectral weight around 528 eV is unequivocally correlated
with the Co**+ f, spin-down states. Rough estimates for the
energetic position of the O 2 p orbitals hybridized with Co** ¢,
spin-up states can be inferred using the multiplet calculations
from which they are expected to reside ~1.5-2.0 eV above the
Co*t 1>, spin-down states. Taken together, the O K absorption
data are fully consistent with and corroborate the spin and
orbital configurations found at the Co L, 3 edge.

C. Microscopic picture and exchange mechanism

To discuss the magnetic exchange mechanism between the
valence-dependent spin states in terms of a microscopic pic-
ture, a sketch showing the relevant local hopping processes for

(@) ”

2* Hs

N ;/_><\1‘_1‘_ .
S

co®t HS/\Coer Ls Cot Hs
N

bt WA

(c)

(d)
3* Hs co** Hs

S
wty 1 Ay

FIG. 5. (Color online) Scheme showing the orbital occupation
and the relevant hopping process for La, ,Ca,CoO,. (a) Vir-
tual hopping processes between the two Co>* HS neighbors in
La;,Co0, induce antiferromagnetic ordering. As a representative,
only the virtual hopping of an e, electron is shown. In principle,
all electrons in half-filled orbitals can perform such processes.
(b) For La, 5Ca sCo0y, the spin blockade inhibits the transfer of an
electron from the Co?* HS to the Co** LS site. (c) For LaCaCoOy,
correlated #,, and e, hopping processes between Co®* LS and Co**
HS neighbors lead to a ferromagnetic superexchange. Due to the
correlated hopping of #,, and e, electrons, spin states are interchanged
without a net transfer of charge. In the sketch, only the local t,, and e,
hopping processes for the transformation of a Co** LS into a Co’* HS
ion are considered (Refs. 62 and 63). (d) For the #,, double exchange
in Lay sCa; sCoOy, an electron moves from a Co>* HS site to a Co*t
HS neighbor.

Co
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La,Co0y, La; 5Cap5Co0y4, LaCaCo0y4, and Lag 5Ca; 5Co0y is
presented in Fig. 5.> The situation for La,CoOy is outlined in
Fig. 5(a): Virtual hopping processes of electrons in half-filled
orbitals lead to an antiferromagnetic ordering of the Co**
HS neighbors and to a high Néel temperature (Ty = 275 K).
For La; sCap5Co04 [Fig. 5(b)], the checkerboard arrangment
of Co*" LS and Co>* HS ions nicely explains the highly
insulating behavior of the samples despite a significant doping
content: If one considers the hopping of an electron from a
Co** HS (S = 3/2) site to its Co’* LS (S = 0) neighbor, it
is evident that the hopping process will produce a Co’* IS
(S=1)and a Co** LS (§ = 1/2) ion. Since such a change
of the spin state costs a significant amount of energy, the
hopping of charge carriers between these two types of Co
ions is strongly inhibited.?” This type of suppression of the
conductivity is known as a spin blockade.'3?7-%0 Furthermore,
the spin blockade explains the strong lowering of Ty to
about 8 K (see Table I) when going from La,CoO4 to
La; 5Cag5Co04 due to the reduced number of paths with
strong antiferromagnetic superexchange interactions between
Co’* HS neighbors. At first glance, spin ordering should
even be completely suppressed for an ideal Co**t HS/Co**
LS checkerboard arrangement. However, a preferred spin
orientation caused by the quasi-two-dimensional K;NiF,
structure may induce a weak residual spin ordering between
next-nearest neighbors. Alternatively, the Ty value of 8 K
may be due to small variations in the doping content or small
defects in the ideal checkerboard arrangement with residual
antiferromagnetic clusters of Co?* HS neighbors.

For LaCaCoQy, configuration-fluctuation processes [see
Fig. 5(c)] between Co’* HS and Co®* LS neighbors can
induce ferromagnetic interactions similar to the situation found
for epitaxially strained LaCoOj; films.'® In contrast to the
LaCoO; films, however, where ~35% Co’t HS states are
introduced to the Co®* LS matrix and (at least partially)
arrange themselves with the LS species in a checkerboard-like
manner,!8 the statistically distributed ~45% Co*t HS in
LaCaCoO,4 may lead to two competing magnetic aspects: a
ferromagnetic configuration-fluctuation interaction between
Co** HS and Co** LS neighbors (mentioned above) and,
due to the increased probability to also find adjacent Co**
HS ions, an antiferromagnetic superexchange between Co>*
HS neighbors. In a microscopic picture, the latter exchange
mechanism is similar to the one depicted in Fig. 5(a) for
Co** HS. The coexistence of these two kinds of interactions
explains very well the simultaneous appearance of ferro- and
antiferromagnetic signatures in magnetometry experiments on
LaSrCoOy (Ref. 31). The high Curie temperature (T¢ ~ 92 K,
see Table I) of LaCaCoQ, and the fact that the ferromagnetism
prevails over the antiferromagnetic exchange might be ex-
plained by percolative effects: Apparently, many of the clusters
with the ferromagnetic Co** HS—-Co** LS checkerboard
arrangement are large enough to contribute to a long-range
magnetic ordering, while the regions with adjacent Co** HS
pairs seem to be mostly below the quasi-two-dimensional
percolation threshold of the single-layered K,NiF, structure
and/or are rare compared to their ferromagnetic counterparts.

Finally, for Lag sCa; 5CoQys, the 7, double exchange be-
tween Co>* HS and Co** HS neighbors illustrated in Fig. 5(d)
is consistent with the metallic and ferromagnetic behavior
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found in Refs. 31 and 32 for a doping content x > 1 and nicely
explains the strong increase in T¢ from 92 to 140 K when going
from LaCaCoQy, to Laj ;5Ca; sCoOy4 (see also Table I). Based
on the present NEXAFS investigation, it cannot be excluded
that, in addition to the 1,, Co** HS/Co** HS double exchange,
electron transport or even band formation might also be
possible for Lag sCa; 5CoO;4 by e, electron hopping between
Co** HS/Co** HS sites and the remaining Co** LS ions.
Such hopping processes could contribute to the conductivity
and to the magnetic properties of the sample as well.

D. Temperature dependence

Finally, the temperature-dependent behavior of
La,_,Ca,CoOy is discussed. This is an important issue since
the spin state of the infinite-layer system LaCoOs changes
with temperature: in bulk and polycrystalline LaCoOs3,
Co®* HS states are transformed to an LS configuration for
T — 0. The temperature-dependent O K NEXAFS spectra
of La,_,Ca,CoO4 (x = 0.0, 0.5, 1.0, 1.5) between 526 and
532 eV are compared in Fig. 6. No temperature-dependent
spectral changes are observed for La,CoQOy, La; 5Cag5C00y,

o (Mbarn / unit cell)

0 e — — e —
526 527 528 529 530 531 532

Photon energy (eV)

FIG. 6. (Color online) Temperature-dependent O K NEXAFS
spectra of La, ,Ca,CoO4 (x = 0.0, 0.5, 1.0, 1.5). No significant
temperature dependence is found for La,CoQ,, Laj5Ca; 5Co0,, and
La; 5Cag5Co0, while small changes in the spin-state structure occur
for LaCaCoOQ;.
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and Lags;Ca; 5Co0O4 between 40 and 300 K. The almost
negligible broadening of the peaks found for these samples
with increasing temperature can be attributed to phononic
effects, and clearly shows that the spin-state structure is very
stable in these systems. On the other hand, small changes
in the distribution of the spectral weight and, thus, in the
orbital occupation and in the spin-state structure occur
for LaCaCoQO,4: With decreasing temperature, the spectral
weight in the Co’* t, range is reduced while that in the
Co’* e, area is slightly increased. According to the above
discussion, this finding reflects the fact that for LaCaCoOsy,
a certain amount of Co** goes from an HS to an LS state
upon cooling. The observed changes are, however, quite
small compared to bulk or polycrystalline LaCoOs. It might
be speculated that the comparatively high stability of the
spin-state structure in La,_,Ca,CoO, is a consequence of
the reduced dimensionality of the K,;NiF, structure and/or
of the changes of the crystal-field splitting and the exchange
interaction induced by the distorted CoOg octahedron and the
modified Madelung potentials.

IV. SUMMARY AND CONCLUSIONS

To shed more light on the spin and orbital states in
single-layered La,_,Ca,CoO4, NEXAFS measurements at the
Co Ly3 and O K edges were performed on samples with
a doping content of x = 0.0, 0.5, 1.0, and 1.5. The data
lead to the following picture for the orbital and spin-state
structure: For La;CoOQy, all Co?* ions are in an HS states and
the superexchange between these ions produces pronounced
antiferromagnetism with a Néel temperature of 275 K. With
increasing hole doping, Co®* LS states are introduced to the
system and replace Co®* HS ions. The strong reduction of the
Néel temperature to 8 K together with the 50% Co”>* HS/50%
Co* LS ratio clearly support a checkerboard arrangement of
these ions. A checkerboard arrangement not only diminishes
the antiferromagnetic interactions between Co** HS ions but
also explains the strongly insulating behavior of the sample:
a spin blockade inhibits the transfer of an electron from the
Co** HS to the Co** LS site.

Upon further doping, Co’t HS ions are substituted by
Co*t HS, and for LaCaCoQ, a mixture of 55% Co>* LS and
45% Co>* HS states occurs. This arrangement may lead to
two competing magnetic effects: ferromagnetic configuration-
fluctuation interactions between Co®* HS and Co®* LS neigh-
bors, and antiferromagnetic superexchange between adjacent
Co** HS neighbors as observed in Ref. 31 for LaSrCoOj.
The dominant ferromagnetic character of LaCaCoO, samples
might be explained by the fact that either the domain size or
the number of antiferromagnetic bonds is smaller than for their
ferromagnetic counterparts.

Finally, for LagsCa; sCoQO4 the multiplet simulations sug-
gest that Co®* LS is partially substituted by Co** HS for
a doping content x > 1. The resulting ,, double exchange
between Co®* HS and Co** HS neighbors induces metallic
and ferromagnetic behavior and, thus, explains the strong
increase in T¢ from 92 to 140 K when going from LaCaCoQOy4
to Lag5Ca; 5Co0y.

In contrast to bulk LaCoOs3, no significant temperature-
dependent spectral changes are observed for La,_,Ca,CoQy,
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implying that the spin-state structure is very robust in the
quasi-two-dimensional single-layered system. Moreover, the
NEXAFS studies at both Co L and O K edges did not
give any indication for Co®" intermediate spin states across
the entire doping series. This finding also suggests that if
a Co®* intermediate spin configuration does not occur as a
ground state for the considerably elongated CoOg octahedron
of La,_,Ca,CoQy, itis highly improbable that the intermediate
spin state can exist for the essentially regular octahedron of
LaCoOs;.
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