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LaCoO; displays two broad anomalies in the DC magnetic susceptibility xC, occurring, respectively,
around 50 K and 500 K. We have investigated the first of them within the 10 K<7<RT temperature range
using Co Ka; x-ray absorption spectroscopy (XAS) in the partial fluorescence yield mode. In contrast with
previous O K-edge XAS reports, our data show the existence of abrupt changes around 50 K which can be
nicely correlated with the anomaly in x”€. To our knowledge, this is the first time that a clear, quantitative
relationship between the temperature dependence of the magnetic susceptibility and that of the XAS spectra is
reported. The intensity changes in the preedge region, which are consistent with a transition from a lower to a
higher spin state, have been analyzed using a minimal model including the Co 3d and O 2p hybridization in the
initial state. The temperature dependence of the Co magnetic moment obtained from the estimated e, and 75,
occupations could be satisfactorily reproduced. Also, the decrease of the Co 3d and O 2p hybridization by
increasing temperature obtained from this simple model compares favorably with the values estimated from

thermal evolution of the crystallographic structure.
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I. INTRODUCTION

Co oxides have been the subject of an increasing number
of investigations since the report of magnetoresistivity ratios
of 30% in the oxygen-defective perovskites! RBaCo,0s 4
(R=Eu, Gd) and especially after the recent discovery of su-
perconductivity in a Co-based layered compound
(Na,Co0,,H,0, x=0.35, y=1.3, T=5K).> Besides the
challenging phenomena displayed by these novel Co com-
pounds, the lattice, electronic and magnetic properties of the
prototypical perovskite LaCoO; continue to attract the atten-
tion of scientists since the late 1950s.*° The main contro-
versy is still centered on the origin of the two broad transi-
tions in the magnetic susceptibility occurring around T
=50 K and 7,=500 K. Although no traces of cooperative
magnetic ordering have been found down to 1.5 K,”8 the
effective Co’* paramagnetic moment u¢ displays a rather
unusual, two-step-like temperature dependence.’ It is practi-
cally zero below 35K, it increases continuously until
100-110 K, then displays a broad plateau and increases fur-
ther until 7,, where a second plateau is observed.

Both magnetic anomalies were first interpreted by
Goodenough®!%!! as spin-state transitions. In the particular
case of LaCoOs3, the possibility of having Co®* in different
spin states as a function of temperature has been attributed?
to the close values of the intra-atomic exchange energy (Jy)
and the crystal field splitting (10Dg) at the Co sites. Hence,
depending on the relative values of Jy and 10Dg, the low-
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spin (LS) (tgge(g), S=0) state can be more stable than the
Hund’s rule predicted high-spin (HS) (tggef,, S=2) state.

Goodenough'! attributed the 50 K anomaly to a thermally
activated spin transition from a nonmagnetic LS state to a
paramagnetic HS state. With increasing temperature, the HS
population increase at the expense of the low-temperature LS
up to a 1:1 ratio and, at this stage, the formation of a stable
ordered LS-HS spin-state array would give rise to the first
plateau. The second anomaly, which was associated with a
semiconductor-to-metal transition, was interpreted as arising
from the destruction of the spin-ordered state due to the in-
creased mobility of the e, electrons, accompanied by the
transition to the HS state of the remaining 50% LS ions.

In spite of the anomalies observed in the thermal
expansion,*!? in the cell parameters,'® as well as in some
interatomic distances® and phonon modes'>!'# at the magnetic
transitions, most x-ray and neutron diffraction studies failed
to detect the expected symmetry change associated with the
formation of the spin-ordered state. To our knowledge, the
only experimental evidence comes from a recent x-ray single
crystal diffraction work,> as well as from the neutron pair
density function (PDF) studies from Louca et al.'> Moreover,
the presence of the HS state below 400 K is difficult to rec-
oncile with the results of x-ray absorption (XAS) and photo-
emission experiments. The main discrepancy is the weak
temperature dependence of the preedge structure of O Is
XAS spectra across T;,'® which is related to the Co 3d un-
occupied density of states and, therefore, to the variations in
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the e, and 1,, occupations associated to the different Co**
spin states.

In Goodenough’s picture, the decrease of the 7,, occupa-
tion should be equal to the increase of the e, occupation at
both 7| and T,. Unexpectedly, only very small changes could
be detected around the first transition, while large intensity
variations were clearly observable around 500 K.!®17 Al-
though this observation could be due to the fact that T}
=50 K was not actually reached in these studies [the authors
assumed 7;=100 K, the lowest measured temperatures being
80 K (Ref. 16) and 55 K (Ref. 17)], this trend has been con-
firmed by more recent works reaching temperatures as low as
20 K.'8 The situation seems to be somehow better at the Co
K edge, where, in spite of clear preedge differences between
the spectroscopic response at T (Ref. 18) and T, (Ref. 19),
the reported changes at the low-temperature spin transition
are larger than at the O K edge. Unfortunately, the resolution
of these measurements is relatively poor. Also, only a limited
data set is presented (20 and 300 K), making it difficult to
correlate the observed changes with the anomaly in the mag-
netic susceptibility.

To explain these observations, it was first suggested that
the anomaly at 7, is not a spin transition and that the LS
— HS crossover actually occurs at 7,.'% An alternative model
proposed the existence of an intermediate-spin (IS) (tgge;,
S=1) state and interpreted the two anomalies as thermally
activated LS — IS and IS — HS transitions.!” The justification
of the higher stability of the IS state as compared to that of
the HS, which contradicts the predictions of classical ligand
field theory,”® was mainly based on the calculations of Ko-
rotin et al.? In the case of XAS, this approach had the ad-
vantage of predicting smaller spectroscopic changes at
100 K but, since the effects at 500 K were also expected to
decrease, the unequal spectroscopic responses at 7 and T,
remained unexplained.

Interestingly, since its report in 1997,'7 the LS —IS—IS
— HS model has been successfully applied to the interpreta-
tion of a number of different experiments*>%!13!4 and has
become the most widely accepted framework for the transi-
tions. On the other hand, recent theoretical works, among
them those of Radwanski and Ropka,”'~>* have returned to
the HS scenario. These authors pointed out that the trigonal
crystal field and the spin-orbit coupling may be important in
forming the first magnetic excited state, which would arise
from the splitting of the HS state. Recent electron spin
resonace’* (ESR) and inelastic neutron scattering
measurements> seem to be consistent with this hypothesis.

Since the debate around x-ray spectroscopies has not yet
been satisfactorily settled neither for this compound nor in
other perovskite-related Co oxides,?® the purpose of the
present work is to reinvestigate the low-temperature transi-
tion of LaCoO; using a different, more suitable x-ray spec-
troscopic technique. The motivation for new resonant ab-
sorption measurements at the Co K edge is threefold. Firstly,
x-ray absorption in the partial fluorescence yield (PFY-XAS)
mode leads to a substantial improvement in resolution with
respect to total fluorescence yield (TFY), allowing the obser-
vation of fine details in the electronic structure. Secondly, the
K edges of 3d transition metals display a remarkable sensi-
tivity to the valence electron distribution of the absorbing
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atom, illustrated, e.g., by recent experimental and theoretical
work on manganese oxides.?’?° Lastly, hard x-rays provide
more reliable information about bulk properties compared
with surface-sensitive O 1s XAS. Since a low-temperature
contribution, usually attributed to localized magnetic mo-
ments from the surface (probably HS Co?* in either pyrami-
dal or tetrahedral coordination) is systematically observed in
the magnetic susceptibility data of both single crystal and
powder samples,*®111730 the choice of a high-energy tech-
nique and the use of single crystals (which display a smaller
surface-to-bulk ratio) was in this case crucial.

In this work, we report temperature-dependent measure-
ments, performed on a high quality LaCoOj5 single crystal,
which clearly prove the sensitivity of Co Ka PFY-XAS to
the magnetic anomaly at 7. In contrast with previous O K
and Co K-edge studies, our data display dramatic changes as
a function of temperature at several points of the edge, which
can be nicely correlated with those of the effective Co para-
magnetic moment derived from susceptibility measurements.
We take advantage of the improved visibility of the preedge
structures in the PFY compared to conventional XAS spectra
to obtain new information on the local configuration of the
Co ions. We interpret the experimental data within a minimal
model which includes the Co 3d and O 2p hybridization in
the initial state. The temperature dependence of both the Co
3d - O 2p hybridization and the Co magnetic moment can be
satisfactorily described within this formalism. However, due
to the roughness of our approximations, the absolute values
of the e, and 1,, occupations obtained from this analysis
should be considered with caution. Although this fact makes
difficult a definitive statement about the nature of the in-
volved spin states, our results are consistent with a thermally
driven hole transfer from the ¢, into the 7,, orbitals.

II. EXPERIMENT

The LaCoOj single crystal used in this work was grown
by the floating-zone method. Thorough mixtures of La,05
and Co30, (99.99% purity) were heated in air at
1000-1200 °C during more than 70 h with several interme-
diate grindings. The resulting LaCoO; powder was hydro-
statically pressed into rods (8 mm in diameter and ~60 mm
in length) and sintered at 1300 °C during 30 h. The crystal
growth was carried out under moderate oxygen pressure
(6 bar) using an optical floating zone furnace with four
1000 W halogen lamps. The feeding and seeding rod were
rotated at about 20 rpm in opposite directions to ensure the
liquid homogeneity between them, the growing rate being
5 mm/h.

Two adjacent wafers of 6.3 mm diameter and 1 mm thick
were cut from the as-grown boule. The first one was pulver-
ized and used for x-ray characterization and O content deter-
mination. A room temperature x-ray diffraction pattern was
collected on a Siemens D500 6#-26 powder diffractometer
using Cu-Ka radiation. Rietveld refinements were consistent
with a rhombohedral unit cell of R-3c¢ symmetry [a
=5.4433(1)A, ¢=13.0932(4)A], in agreement with most pre-
vious reports.®!? No evidence of impurities was found in the
limit of x-ray detection. The oxygen content, as determined
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FIG. 1. Full dots: Temperature dependence of the molar mag-
netic DC susceptibility of the LaCoOj5 single crystal measured at
H=10 kOe. Full triangles: First derivative showing the maximum at
7=50.2 K.

from thermogravimetric hydrogen reduction, was 3.00+0.01.

The second wafer was used for the x-ray spectroscopic
experiments. It was glued on a copper plaquette with silver
epoxy and mounted on a closed-cycle He cryostat (stability
about 2 K). The measurements were performed on beamline
ID26 at the European Synchrotron Radiation Facility in
Grenoble, (ESRF), France using radiation from two undula-
tor sources monochromatized by a Si(220) double crystal.
X-ray absorption spectra in the TFY mode were collected at
the Co K absorption edge (hv;,=7.709 keV) using a Si diode
detector. For PFY measurements, the beam scattered by the
sample was analyzed by a Rowland circle spectrometer
equipped with a spherically bent Si(531) crystal and detected
by a photoavalanche diode. The scattering angle was 90 de-
grees to minimize Thomson scattering, and the overall en-
ergy resolution was better than 1.5 eV. The intensity of the
Co Ka; fluorescence 2p— 1s, hv,,,=6.930 keV) was mea-
sured at several temperatures between RT and 10 K (cooling
rate of approximately 4.5 K/min) while scanning the energy
of the incident beam between 7.705 and 7.730 keV.

A small piece of the second wafer (0.03548 g) was cut
after the ESRF experiments and used for DC susceptibility
measurements. They were performed on a commercial Quan-
tum Design Physical Properties Measuring System (PPMS)
device in the 2 K<T<RT temperature range under a mag-
netic field of 10 kOe.

III. RESULTS
A. DC magnetic susceptibility

The magnetic susceptibility of our LaCoOj; crystal is dis-
played in Fig. 1. It shows a broad maximum around T,
=112 K, and a minimum at 7,,=26 K, in agreement with
previous studies.*®!1:1739 The only significant difference ap-
pears in the low-temperature region (7<<35 K), which is af-
fected by magnetic impurities and/or Co atoms at the sample
surface.®!! The x(T,,)/ x(T),) ratio, which gives an indication
of the impurities and/or the surface contribution compared to
that of bulk Co in LaCoOj is =0.125, much smaller than the
values previously reported for both powder [0.28 (Ref. 11),
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FIG. 2. Comparison of the TFY and PFY Co Ka XAS spectra at
10 K.

0.43 (Ref. 17)] and single crystal [0.33 (Ref. 4), 0.29 (Ref.
6), 0.17 (Ref. 30)] samples. The first derivative (see Fig. 1)
exhibits a sharp cusp at 7;=50.2 K, which in the following
sections will be used to designate the transition temperature.
According to recent?* ESR and inelastic neutron scattering
measurements,” the gap energy E o between the ground state
and the first excited state is about 10—12 meV (119-140 K).
T, which coincides with the anomalies observed in the ther-
mal expansion* and in the phonon frequencies,'*!* thus cor-
responds to E,/2.

B. X-ray absorption

The Co K-edge spectra of LaCoO; at 10 K measured in
the total and partial fluorescence yield modes are shown in
Fig. 2. They basically agree with those published by Thorn-
ton et al.,'® Haas et al.,>' and Toulemonde et al.'® but the
improvement in resolution of our PFY data is evident for the
whole energy range. For example, the structures between
7.715 and 7.720 keV (labeled as G3 and G4, see Fig. 3),
which are hardly distinguishable in the TFY mode, are par-
ticularly well resolved using PFY detection.

The measured PFY-XAS Co Ka; spectra of LaCoO; at
10 K and RT, divided by the incoming photon intensity and
normalized at E=7.7282 keV, consistent with Ref. 18, are
shown in Fig. 3(a). The difference patterns obtained by sub-
traction of the temperature-dependent data from the RT spec-
trum are displayed in Fig. 3(b). To be noted is the existence
of several crossing points, confirming the correctness of the
normalization procedure. Also, the existence of changes in
the absorption cross section by increasing temperature is
clearly observed. The most important of them consists of a
large displacement of the absorption maximum G6 toward
lower energies, which is accompanied by modest energy
shifts of the same sign in the G2, G3, G4, and G5 features.
The small preedge structure G1 is found in contrast to shift
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FIG. 3. (Color online) (a) Co Ka PFY-XAS spectrum of
LaCoOj; at 10 K and RT. Inset: Detail of the preedge structure. (b)
Difference patterns obtained by subtracting the PDF-XAS spectra at
different temperatures from the RT data.

in the sense of higher energies (see Sec. IV B). An increase
of the absorption cross section is also observed in all features
with the exception of G2, which decreases by increasing
temperature.

In order to evaluate the precise energy positions and inte-
grated intensities of the six features, we fitted the whole
spectra (between 7.705 and 7.727 keV) with an arctangent
plus six Gaussians. The shape of the arctangent was deter-
mined from a RT PFY-XAS spectrum collected over a wider
energy range (between 7.700 and 7.765 keV) and fixed for
the subsequent refinements, whereas the Gaussian positions
were located at the minima of the of the spectra’s second
derivative [see Fig. 4(a)].

The calculated values of the integrated intensity and the
energy position of the G6 feature as a function of tempera-
ture are displayed in Fig. 4(b). According with the conclu-
sions derived from the difference spectra, an increase of the
integrated intensity and a displacement of the energy position
toward lower energies are clearly observed by heating. The
integrated intensities of the G1 and G2 features are displayed
in Fig. 4(c). As in the case of G6, their temperature depen-
dence coincides well with that inferred from the difference
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FIG. 4. (a) Dottted line: Co Ka PFY-XAS spectrum of LaCoO;
at 10 K. Solid line: Best fit as described in the text. The individual
Gaussian and arctangent contributions are also displayed, as well as
the second derivative of the 10 K spectrum (bold solid line). (b)
Temperature dependence of the integrated intensity and the energy
position of the G6 feature. (c) Temperature dependence of the inte-
grated intensities of the G1 and G2 features. Solid lines in (b) and
(c) are guides for the eye.

patterns. Moreover, a clear anomaly is observed in all cases
at a temperature close to T, suggesting a close relationship
between observed changes in the PFY-XAS spectra and the
magnetic transition. As far as we know, this is the first time
that a clear, quantitative correlation between the temperature
dependence of the magnetic susceptibility and that of the
XAS spectra is reported.

IV. DISCUSSION
A. Origin of the different features

According to the electric dipole selection rules, the main
contribution to the Co K edge (E>7.715 keV) involves the
excitation of Co ls core electrons into empty Co states of 4p
symmetry. The origin of the small double-peak structure be-
tween 7.705 and 7.715 keV (G1 and G2 in Fig. 3), which is
also observed in the preedge region of XAS spectra of other
first row transition metal compounds, is more complex. Shul-
man et al.’> were the first to assign it to a 15— 3d transition
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after observing that Zn(II), a d'° system, did not display this
feature. However, for materials with a transition metal in a
centrosymmetric environment, a 1s— 3d transition is dipole
forbidden by parity considerations and this structure should
be absent. Interestingly, a very weak preedge feature is still
experimentally observed in such compounds. Hence, and due
to the fact that, for energies above a few keV, nondipole
terms begin to contribute to absorption cross sections, elec-
tric quadrupole transitions were suggested as the most likely
mechanism in such cases. Experimentally, the electric quad-
rupole nature of the preedge feature has been probed in a few
cases by analyzing the angular dependence of the 1s— 3d
transition intensity, although, due to the complexity of the
procedure, as well as the need of single crystals, the number
of such studies (as, for example, the remarkable measure-
ments conducted by Hahn er al.?) is scarce.

For compounds containing 3d transition metals in noncen-
trosymmetric environments, it has been found that the
preedge features are far more intense than in their cen-
trosymmetric counterparts (2 to 5 times, see Ref. 34 and
references therein). This increase in intensity has been attrib-
uted to metal 4p mixing into the 3d orbitals, which, by pro-
viding some electric dipole-allowed 1s—4p character, con-
tributes with extra intensity which is added to that of the
quadrupolar channel. Since electric dipole transitions are
typically up to 100 times stronger than those enabled by the
electric quadrupole mechanism, 4p mixing into the 3d orbit-
als (typically below 10%) may have a significant effect on
the intensity of the 1s— 3d feature. A good example was
reported by Driger et al., who, using angle-resolved polar-
ized x-ray absorption on the Fe K edge of haematite single
crystals, showed that the intensity of the preedge feature was
mostly dipolar in origin.

In the case of LaCoOj;, and due to the uncertainty about
the existence or not of an inversion center at the Co sites, the
nature (dipolar and/or quadrupolar) of the preedge feature
cannot be unambiguously established. If, as suggested by all
diffraction studies, the low-temperature (T <T) space group
is R—3c, the point group of the CoOg octahedra is S (cen-
trosymmetric), and the intensity of the G1-G2 feature will be
purely quadrupolar in origin. If the symmetry center at the
Co positions is lost above T due to structural changes in-
duced either by LS-HS ordering!' or IS Jahn-Teller
distortions' (the Co®* IS configuration is Jahn-Teller active),
an increase of the overall preedge intensity would be ex-
pected. However, as it will be shown in Sec. IV B, the G1
+ G2 integrated intensity decreases monotonically with tem-
perature. The deviation from centrosymmetry above 77, if
existing, is expected to be very small. This agrees with the
conclusions of Raccah and Goodenough'® and Maris et al.,’
which proposed centrosymmetric space groups to describe
the high-temperature phase of LaCoO; (R-3 and 12/a, re-
spectively). We thus conclude that the degree of p-d mixing
in the preedge region is most likely modest above 77, favor-
ing a primarily quadrupolar origin for the G1-G2 feature.

We come now to the main edge region (7715-7730 eV),
which, as it was already mentioned, corresponds to the exci-
tation of Co ls core electrons into empty Co states of 4p
symmetry. Although these states are not expected to be very
sensitive to the anomaly at T, Fig. 3(b) clearly shows that
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the largest changes of the absorption cross section take place
within this energy range. Moreover, both the integrated in-
tensities and the positions of the G3 to G6 features display
clear anomalies around 50 K [Fig. 4(b)], suggesting that the
Co 4p states are also affected by the changes in the Co 3d
occupation at the spin-state transition.

Briois et al.,’® who studied the spin-state transition of an
octahedral Fe II complex, observed also a strong temperature
dependence of the main Fe K-edge features, which they
could correlate with the structural modifications of the Fe
environment at the transition. The breaking of the rhombo-
hedral symmetry above T, described by Maris® and Louca'®
could also be at the origin of the anomalies of the energy
positions and integrated intensities of the different features at
the transition. A proper correlation between Co-O nearest-
neighbor distances and energy positions is unfortunately not
possible in our case. For this purpose, angle-resolved XAS
measurements along the Co-O bonds are needed, but they
will probably be very difficult to interpret due to the fact that
LaCoOs single crystals are naturally twinned.

As in the case of the preedge structures, an alternative
scenario assuming the existence of some kind of p-d mixing
could be also applicable to the energy region between 7715
and 7730 eV. This mechanism, which yields a 3d contribu-
tion to the main edge through purely dipolar transitions, has
been recently proposed to explain the large and unexpected
changes observed in the Mn K edges of manganese perovs-
kites displaying either charge and/or orbital ordering phe-
nomena. The p-d mixing concerns the 3d and the 4p states of
the central transition metal and the O 2p states if the final
state wave functions are localized at the coordination poly-
hedron of the absorbing atom.3” On the contrary, if the final
state wave functions of the absorber can be considered to be
so extended that they overlap with those of the neighboring
transition metal (TM) atom, the p-d mixing (which can be
achieved either directly or via the O 2p states) concerns in
this case the 4p states of the absorber and the 3d states of the
next neighbor TM atom.?

Although a rigorous theoretical calculation for the full
(edge and preedge) spectra is beyond the scope of this work,
the simple model presented in the forthcoming sections gives
already some important hints for the interpretation of the
spectra. In this analysis, we confine ourselves to the preedge
region between 7.705 and 7.715 keV, where the relative con-
tribution of the 3d states is expected to be larger.”” Following
the preceding discussion, it will be then assumed that the
actual transition channel active in this energy range is mainly
quadrupolar, the intensity of the preedge feature basically
reflecting the features of the density of empty Co 3d states.

In Sec. IV B, the discrepancies between a purely ionic
description of the local Co electronic structure and the ex-
perimental observations are presented. Co 3d - O 2p hybrid-
ization, which is included in Sec. IV C, leads to a significant
improvement, although it fails to reproduce the absolute oc-
cupation numbers of the 34 orbitals. The results of the analy-
sis are summarized in Sec. V, together with the failures of
our simple model and some suggestions for further improve-
ment.
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FIG. 5. Temperature dependence of (a) the sum of the integrated
intensities of the G1 and G2 features. (b) The G1-G2 splitting. (c)
The G2/G1 ratio.

B. Failures of the ionic description

As mentioned earlier, the preedge feature on the Co K
edge of LaCoO;, as well as that of the K edges of most 3d
transition metal compounds in octahedral coordination con-
sists of two (usually dissimilar) peaks. This double-peak
structure, which is also observed in the preedge region of the
O 1s XAS spectra for this kind of compounds,*® has been
related to the e, (G2) and #,, (G1) symmetry subbands aris-
ing from the octahedral (or quasioctahedral®) crystal split-
ting of the Co 3d orbitals.

In a purely ionic description, the integrated intensity of
the preedge feature intensity can be correlated with the num-
ber of empty Co 3d states. For Co’", the hole number is 4 for
all spin states, so that the full /5,+/5, preedge intensity
should be independent of temperature. On the contrary, as
shown in Fig. 5(a), a decrease of I +I;, is observed by
heating, with a net reduction of about 10% between 10 K
and RT. This effect is due to the different temperature depen-
dences of the integrated intensities of the two features [Fig.
5(a)] and cannot be explained in the framework of a purely
ionic model.

The two preedge features can be directly assigned to 1,
and e, crystal field states only in a single-particle picture,
which neglects intra-atomic multiplet effects in the Co ion,
the spin-orbit interaction, as well as the influence of the core
hole potential. Nevertheless, following common practice, we
will assume that the unresolved G1 and G2 manifolds mainly
reflect transitions to 7,, and e, orbitals, respectively. Their
temperature-dependent energy separation, which defines an
effective crystal field parameter A pr=E,—Eg is displayed
in Fig. 5(b). At RT, the value of A gp is =2.3 eV, in good
agreement with the Co K-edge data of Toulemonde et al.'®
and Thornton et al.,'® but it is about two times larger than the
corresponding splitting observed in the O K edge (Acgr
~1 eV, in Refs. 16 and 18). This discrepancy, which has
been observed in the case of other transition metal oxides
(see Ref. 40 and references therein), has been attributed to
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smaller core-hole effects in the O K XAS, where the core
hole is located on oxygen, whereas the states in the unoccu-
pied bands just above the Fermi level have most weight on
the metal sites.

Although the Ay values obtained from XAS at the O K
edge are, in principle, expected to be closer to ground-state
values, the larger sensitivity of this spectroscopy to surface
Co may also lead to wrong results. Yan et al.* attributed the
low-temperature tail in the magnetic susceptibility to the
presence of magnetic surface Co in either pyramidal or tet-
rahedral coordination. Since for this environment, the Aqgp
value is expected to be substantially smaller than in the case
of octahedral Co, the amount of surface Co contributing to
the absorption cross section could also be at the origin of the
reported differences between the Co and O K edges.

Several estimates of A,y can be found in the literature,
but its temperature dependence has not been reported so far.
Figure 5(b) shows the Co K-edge values of Acpr between
10 K and RT. As expected from thermal expansion, the ef-
fective crystal field splitting decreases by increasing tem-
perature, the difference between 10 K and RT being about
200 meV. While this trend supports the possibility of a ther-
mally driven spin transition at 7', a definitive statement can
only be made after comparing the experimental /;,/I5; ra-
tios with those expected for the different spin states.

In Fig. 5(c), we have represented the values of the e,/t,
hole ratio for the IS (3:1), HS (2:2), 50%LS+50%HS (3:1)
and 50%LS+50%IS (7:1) states together with the experi-
mentally obtained /5,/15 ratio as a function of temperature.
Clearly, our data show serious discrepancies with Good-
enough’s model, especially at low temperature. If, as pro-
posed by this author, the ground state of Co is LS (4:0), the
1, Teature is expected to be absent below 35 K, giving rise to
an infinite /5,/15; ratio. Since the value of I5,/15; at 10 K is
close to 12 due to the existence of a nonzero G1 intensity at
this temperature, we conclude that a certain amount of an-
other higher spin state (either IS or HS) is already present at
10 K. At higher temperatures, where a 50% mixture of either
LS:HS or LS:IS is expected to occur, we observe a I5,/15;
ratio close to 9, which, in spite of the relatively large dis-
crepancy, would, in principle, favor the LS — IS scenario.

The observation of a non-zero-spin Co at 10 K, which
contradicts Goodenough’s picture, as well as the results of
the magnetic susceptibility* and neutron paramagnetic scat-
tering measurements,*! is very surprising and deserves fur-
ther comment. Comparison of our LaCoOj; spectra with other
XAS data on LS Co** compounds could be quite instructive
but, in view of the lack of high-resolution experimental data,
we chose instead a series of isoelectronic LS Fe?* octahedral
(centrosymmetric) complexes (Ref. 34). Due to their com-
mon tg ¢ eg configuration, a single peak corresponding to qua-
drupolar 1s— 3d transitions into the empty e, states was ex-
pected in both cases, but it is only observed in the Fe?*
compounds.®*

Since the values of the intra-atomic exchange Jj; are prob-
ably very close for LS Fe?* and LS Co**, the main difference
between these materials and LaCoOjs is the strength of the
ground state (without core hole) crystal field splitting 10Dgq,
which ranges from 2.5 to 3.5 eV for the Fe complexes*
compared to (presumably) ~1 eV for LaCoOs. This last es-
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timation is based on the A, pr value measured at the O K
edge,'®!® which, as mentioned in previous paragraphs, is ex-
pected to be closer to the ground state value 10Dg than
Acpr~2.3 eV obtained from the Co K edge. If the anomaly
at 50 K is due to a transition from LS to either IS or HS, the
difference 10Dg—Jy, which is a measure of the stability of
the LS state with respect to higher spin states, is expected to
be very small in the case of the cobaltite (an energy gap of
10—12 meV between the ground state and the first excited
state has been reported>-2*). Hence, J,;~ 10Dg~1 eV. As-
suming that a similar J value also holds for the Fe com-
plexes, we obtain 10Dg—Jy values between 1.5 and 3 eV.
The LS configuration is therefore expected to be far more
stable in these compounds than in LaCoOs;.

The observation of different features on the K preedges of
the Co and Fe systems is presumably related to the different
stabilities of the LS state in these materials. In the Fe com-
plexes, the two spin configurations are well separated and, in
consequence, very weakly hybridized. On the contrary, the
very small energy gap between the ground state and the first
excited state in LaCoQj yields to a mixing of spin states. The
observation of the G1 feature in our 10 K spectra suggest
that the configuration mixing could be enhanced in the XAS
final state due to the presence of the core hole. A quantitative
estimation of this effect, which will require a proper treat-
ment of multiplet effects, the spin-orbit interaction, the crys-
tal field, and the interaction of the 3d and 2p Co electrons
with the core hole is unfortunately far from trivial.

C. Introducing covalency

The main discrepancies between the experimental data
and the ionic description, namely, the different temperature
dependence of the G1 and G2 features and the excessively
large values of I;,/1;, above T; may be understood (at least
qualitatively) taking into account the hybridization between
the Co 3d states and the 2p orbitals of the oxygen ligands.
Covalency is described by adding to the original ionic con-
figuration an admixture of configurations in which one or
more electrons have been transferred from the ligand to an e,
or a 1,, orbital. The three possible covalent spin states of Co
in LaCoOj; can then be written as

WE = C15,) + nlf T e i), )
VE = C(|5,e,) + nlG T |6e0L) + nig T,l65,eiL)),  (2)

WS = C(|t3ge§) + n;(/)zT(,|t§geZL> + n}ész|t§ge§L>). (3)

Here, C is a normalization constant and L represents a
ligand hole. The numerical coefficients contain the corre-
sponding number of holes n,, and n,), as well as the matrix
elements 7, (o bonds) and T~ (T,,/2) (7 bonds) for e, and
1, States, respectively. n,q and ny, take the values 4:0 (LS),
3:1 (IS), and 2:2 (HS). Note also that, for the sake of sim-
plicity, the L? configurations involving the transfer of two
electrons from the O 2p to the Co 3d orbitals have been
neglected. If, as discussed in previous sections, the intensity
of the preedge structure is ascribed to a (primarily) quadru-
polar 1s— 3d transition, 11 different XAS final states (2 LS,
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4 1S, and 5 HS) are possible. The relative intensities of the
G1 and G2 features as a function of temperature can be
evaluated by calculating the transition probabilities from the
3 ground states to these 11 final states. This task, which
needs the explicit consideration of the full 3d multiplet for
each spin state, the core-hole interaction as well as the proper
point symmetry of Co in order to define the relevant crystal
field splitting, is however far from trivial due to the large
number of final states.

In the absence of such a full configuration interaction cal-
culation, we can qualitatively estimate the effects of cova-
lency considering the related but simpler case of the O K
absorption, where a similar two-peak (G1’ and G2') preedge
structure reflects the density of empty 3d states of the TM
ion.?® Since in O 1s absorption, an electron is excited from
the oxygen 1s core state to states with some oxygen 2p char-
acter, only configurations with a ligand hole L (2p°) in the
initial state can contribute to the spectrum, and the final
states are:

Wy =5 Ne) ), (4)

Wy = Gy, (5)

with N=0,1,2 for LS, IS, and HS (note that in the case of
LS, only W, is accessible). Assuming the same O 2p and Co
3d hybridization in the initial and final state, one obtains for
each spin configuration’

IG]’ o ntoTijZ, (6)

IGZ’ o }’leoT‘z)/Z, (7)

with Z=(1+n,0T%+n,T>). The G1'/G2' intensity ratio is
now Iy /151 =4n,9/n,, that is, four times larger than in the
ionic case (Igy//1g1=n.0/n,). Covalency enhances the in-
tensity of the transitions to the e, manifold by a factor of 4
relative to the #,, counterpart, reflecting the factor of 2 be-
tween their respective transfer integrals. A similar enhance-
ment operates for the K-edge spectra, and it is remarkable
that the deviations from the G1/G?2 ionic picture observed at
the Co K-edge can be largely accounted for by these simple
considerations.

We want now to calculate the actual (covalent) number of
holes into the e, and 1,, orbitals, that we will denote as n,
and n,. The main difference between them and the ionic hole
numbers n,y and ny is that n,+n,y=4, whereas n,+n,=n
=4-p (p is the number of O 2p holes) due to the transfer of
p electrons from the O 2p into the Co 3d orbitals. Doing
some further algebra, it is easy to show that

Mo =[N0+ 1o Tlngg = 1) + nyonuo TV Z, (8)
n,=[ng+ noneo T+ noTalng — 1)1/Z, )

and using the relationship I,/ +15,: < 1-(1/Z), we obtain

no—n, < Igr, (10)

neo—neOCIGZ/, (11)
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FIG. 6. Number of ,, and e, holes as a function of temperature
in the ionic (a) and covalent (b) models.

4—(n€+n,)=4—nO<(IG2r +1Gl’)' (12)

Assuming G2/G1=G2'/G1’, Egs. (10) to (12) describe
the temperature dependence of the covalent holes n,, n,, and
n. In order to get numerical values, the integrated intensities
I and I, should be, respectively, normalized to the cova-
lent hole numbers of the ¢, and 7,, orbitals at 10 K. The
results obtained for a particular case [4—n(10 K)=0.5, that
is, 0.5 electrons transferred from the O 2p to the Co 3d
orbitals at 10 K] are displayed in Fig. 6(b) together with the
results of the ionic model [Fig. 6(a)]. The increasing (de-
creasing) rates of n, and n, are now approximately the same,
and a small increase of the total number of Co 3d holes n as
a function of temperature about 1% between 10 K and RT
(compared to a 10% decrease in the ionic model) is ob-
served.

This behavior, which may look paradoxical, is in fact per-
fectly coherent. Due to thermal expansion, the Co 3d and O
2p hybridization, or, in other words, the number of O 2p
holes p, is expected to decrease by increasing temperature.
Since n+p=4, an increase of n (the total number of Co 3d
covalent holes) will be expected, in agreement with our re-
sults.

In order to compare the obtained O 2p hole numbers with
the changes in the Co 3d and O 2p hybridization expected
from the temperature dependence of crystallographic
structure,>®!> we have calculated T,, which, in the case of
the perovskite structure, is proportional*? to d3/cos(a) (here
d is the average Co-O distance*® and « the tilting angle of
the CoOg octahedra). Its temperature dependence, relative to
the value at 10 K, is shown in Fig. 7 (solid line) together
with the normalized number of O 2p holes p=4-n (full
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FIG. 7. Solid line: Temperature dependence of the normalized
value of T, %cos(a)/d>>, calculated using the structural data of
Ref. 8. Full dots: Normalized O 2p holes, as obtained from the XAS
data using the covalent model described in the text.

dots). A 2% decrease of the hybridization along the o bonds
is clearly observed at higher temperatures, which agrees rea-
sonably well with the observed diminution in the total O 2p
hole number (about 7%) derived from our simple covalent
model.

Because of the presence of O 2p holes, the e, and 1,,
occupations of Fig. 6(b) cannot be interpreted in terms of the
ionic LS, IS, and HS configurations. According to the nor-
malization condition 4—n(10 K)=0.5, we can, however, de-
fine a “covalent” LS state as Cotggeg'SOZpS'S. To be noted is
that, if the polarization of the oxygen 2p shell compensates
the moment in the e, orbitals,? the spin of covalent LS will
be still zero.

Looking at Fig. 6(b), it is clear that the low-temperature
occupations do not correspond to this configuration, but
rather to a magnetic Cor; e, 02p>* state that we could label
as a “covalent” IS. These results contrast with those of pre-
vious studies, which agree without exception in the existence
of a nonmagnetic spin state below 30 K. Although the data
shown in Fig. 6 correspond to a particular choice for the Co
3d and O 2p hybridization at 10 K, the scenario does not
change appreciably using slightly larger or smaller values,
the main problem being the experimental observation of 7,,
holes (G1 feature) already at 10 K.

The impossibility of reconciliating the existence of non-
zero I intensity and a pure LS state at low temperatures
using our simple formalism is probably due to the roughness
of the approximations used to describe the preedge region. It
was argued earlier that the influence of the core hole is ex-
pected to be large in the K edges of 3d transition metals,
most likely leading to a change in the hybridization of the
different spin-state configurations. We, however, assumed
that core hole effects did not affect covalency significatively.
We also neglected the multiplet structure, as well as the con-
tribution of the configuration with more than one hole trans-
ferred from oxygen to cobalt. We feel that these three effects
should not be dismissed in further quantitative investiga-
tions.

Keeping in mind that the absolute values of the ¢, and 1,,
occupations should be considered with caution, we have cal-
culated the spin-only effective paramagnetic moment of Co>*
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w7 =2[5(S+1)]"? from the values of n, and n, displayed in
Fig. 6(b) using the relationship S=(4-n,+n,)/2. The result
is displayed in Fig. 8 together with the effective paramag-
netic moment y.T derived from the susceptibility. To be
noted is that, in spite of the different absolute values, an
excellent scaling between both sets of data is observed. The
T, anomaly is found at the same temperature, in spite of the
fact that the relevant energy levels and the final states probed
by the two techniques are different (with and without core
hole for XAS and Y, respectively). A comparison of the
present results with O K-edge data obtained at low tempera-
tures (down to 1.5 K) and increased resolution on single
crystals, as well as full configuration interaction calculations
on the Co K edge could be quite instructive in order to get a
better characterization of the relevant XAS states.

V. SUMMARY AND CONCLUSIONS

We have exploited the superior resolution of PFY-XAS in
new absorption measurements at the Co K edge of LaCoOs;.
The increased visibility of the preedge structures, compared
with that of former studies, allowed for the first time a quan-
titative correlation between the temperature dependence of
the PFY-XAS spectra and that of the DC magnetic suscepti-
bility. The six Co K-edge features identified between 7705
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and 7727 eV are found to display a clear anomaly at a tem-
perature close to 7,=50 K, suggesting a relationship be-
tween the observed spectroscopic changes and the magnetic
transition at 7.

In the analysis of the preedge structure, which probes the
local Co 3d configuration, we assumed that the two observed
features are mainly related to, respectively, #,, and e, states.
While their anomalous intensity ratios clearly illustrate the
departure from an ionic scenario, a minimal model including
Co-O hybridization gives rise to much better results. The
temperature dependence of both the Co 3d and O 2p hybrid-
ization and the Co magnetic moment can also be satisfacto-
rily described within this formalism. However, due to the
roughness of our approximations, the absolute values of the
e, and t,, 3d orbitals obtained from this analysis should be
considered with caution. Although this fact makes difficult a
definitive statement about the nature of the involved spin
states, our results are consistent with a thermally driven hole
transfer from the e, into the 1,, orbitals and support the ex-
istence of a transition from a lower to a higher spin state.

As is typical from high-energy spectroscopies like XAS,
our inferences on the nature of the ground-state are based on
the observation of transitions to highly excited states. These
conclusions should be contrasted with state-of-the-art
ground-state calculations and with the results of low-energy
experimental probes. Also, more sophisticated models in-
cluding core-hole effects, the multiplet structure, as well as
the contribution of higher-energy configurations will be nec-
essary in order to get further, quantitative insight in this fas-
cinating and still open problem.
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