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We present X-ray photoelectron, Co L, 5 and O K'X-ray absorption, as well as Co K| Bl,3 X-ray emission spec-
troscopy results of studies of the spin states of trivalent cobalt ions in single-crystal cobaltite LaCoO;. We

show that at room temperature, in the bulk of a LaCoOj single crystal, Co>* ions are in the low-spin state,
while high-spin Co?*, high-spin Co®", low-spin Co>*, and probably also intermediate-spin Co®" ions are

located on the surface.

DOI: 10.1134/50021364023601586

Lanthanum cobaltite, LaCoOs, is a very interesting
object from the point of view of studying spin states of
Co*" ions in it. In this compound Co>* ions are octa-
hedral surrounded by oxygen ions. It is known that tri-

valent cobalt ions (34116 electronic configuration) in a
ligand field can be in low-spin (LS, § = 0), in inter-
mediate spin (IS, § =1), and in high-spin (HS,
S = 2) configurations. At low temperatures (lower
than 90 K), LaCoO; is a diamagnetic insulator with
cobalt ions Co*" in the low-spin state [1—4]. At tem-
peratures above 90 K, LaCoO; goes into a paramag-
netic state and at temperatures above 500 K, the
metallic state is realized [1—4]. Attention of many
researchers is focused on establishing the scenario of
spin—spin transitions of trivalent cobalt ions in this
compound.

The possibility of LS — IS transition was sup-
ported by the works [5—16]. The LS — IS scenario
was rejected in favor of the LS — HS transition in
[17—26]. At low temperatures, Co®" ions should be in
the low-spin state, but the authors of [27], based on
the results of X-ray photoemission, suggested that
Co’* ions in LaCoOj; at 100 K coexist in the LS, IS,
and HS states. Using X-ray absorption Co L, ; spectra,
the authors of [21] showed that at 20 K, the low-spin
state of trivalent cobalt ions in LaCoOQ; is realized, and

at 650 K, 50% of Co*" ions are in the high-spin state,
and 50% of ions are in the low-spin state.

Thus, the problem of spin states of cobalt ions in
LaCoO; cobaltite at high temperatures has not yet
been solved. Moreover, the question of spin states of
Co** ions in LaCoO; at room temperature is still an
open question. On the base of GGA + U calculations
and photoelectron measurements, Pandey et al. [28]
suggested the intermediate spin state of Co®' ions in
LaCo0;. Based on the analysis of X-ray absorption Co
L, 5 spectra, it was assumed the low-spin character of
Co’* ions in LaCoO; at room temperature [29]. On
the basis of measurements of O K X-ray absorption
spectra, Suntivich et al. [30] confirmed the intermedi-
ate spin state on the surface of cobaltite and the low-
spin state in the bulk. Therefore, the aim of our study
is to determine spin states of Co** ions in LaCoO; at
room temperature using complementary X-ray spec-
troscopy methods.

A single crystal of LaCoO; was grown by zone
melting with radiation heating at the National
Research Technological University MISiS (Moscow)
in the group of Prof. Y.M. Mukovskii. X-ray diffrac-
tion was used to check the structural perfection and
the single-phase nature of the sample. The elemental
composition of the sample was checked using an
JCXA-733 X-ray electron microanalyzer (JEOL).
According to the X-ray microanalysis data, the com-
position of the sample is La, 3Co, 1oO5 (after convert-
ing mass % into atomic ones). It was not possible to
determine the oxygen content with this equipment.
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Fig. 1. (Color online) X-ray photoelectron survey and
(inset) O 1s spectra of LaCoOs5.

X-ray photoelectron spectra were measured on a
PHI16500 X-ray photoelectron spectrometer ci Multi-
technique System using monochromatized Al Ko
radiation. In order to obtain a clean surface suitable for
photoelectronic research, the single crystal was broken
in a high vacuum chamber just before the measure-
ments.

The cobalt L,; and oxygen K X-ray absorption
spectra were obtained at the Russian—German beam-
line of the BESSY-II storage ring in total-photoelec-
tron-yield mode using registration of the sample-
drain current. To eliminate the influence of contami-
nation of the parts of the spectrometer with oxygen-
containing substances, the O K-edge spectra of the
samples under study were normalized with respect to
the oxygen spectrum obtained from a gold foil mea-
sured in the same energy range.

Co K emission spectra were measured at the
BM20 synchrotron line of the European Synchrotron
Radiation Center (ESRF, Grenoble) at room tem-
perature and at 100 K.

Crystal-field multiplet calculations for high-spin
and low-spin Co’" ions were carried out using the
CTMA4XAS computer program taking into account the
Coulomb and exchange interactions between 2p holes
and 3d electrons, the splitting by the crystal field,
spin—orbit interaction, and charge-transfer effects
[31]. The crystal field parameters 10Dg were taken
equal to 0.6 €V and 1.6 eV for high-spin and low-spin
states of Co>* ions in octahedra, respectively.

Figure 1 presents the survey X-ray photoelectron
spectrum of LaCoOj;, which shows only signals from
the elements included in the chemical formula. The 1s
signal of carbon that appeared due to contamination
of the sample surface is rather weak. The elemental
composition of the sample determined by X-ray pho-
toelectron analysis, La;Co, 4,035, is close to that
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Fig. 2. (Color online) (a) X-ray photoelectron La 55, O 2s,

La 5p spectra, valence band spectrum of LaCoO3 and
(b) Co 2p spectra of LaCoOj5 and LiCoO,.

obtained from our X-ray microanalysis measure-
ments. The ratio between the amount of cobalt and
lanthanum atoms corresponds to measurement errors.
The somewhat overestimated oxygen content is appar-
ently associated with the presence of OH hydroxyl on
the surface of the sample. The manifestation of the
signal from the hydroxyl group can be seen in the inset
at the right of Fig. 1 which shows the O 1s X-ray pho-
toelectron spectrum decomposed into two compo-
nents. The intense peak at 528.8 eV is the O 1s state of
bulk LaCoO;. The high-energy component of the
spectrum at 530.5 eV is due to OH hydroxyl. This
spectrum is in good agreement with the literature
spectra [32—34].

The valence-band X-ray photoelectron spectrum
of LaCoO; is shown in Fig. 2a. In addition to the La
5s, La 5p, and O 2s signals, one can see features 4, B,
C, D in the region near the top of the valence band
which are also previously noted in the literature [32—
39]. According to the calculations in a cluster configu-
ration-interaction model [33] and the LDA calcula-
tions of the density of electronic states [40], peak A
stems from Co 3d states and also structure C and
shoulder D have some Co 3d contribution whereas
structure B is formed by O 2p states. Thus, our X-ray
photoelectron studies of LaCoO; are consistent with
the literature data. The electronic structure estimated
from the photoelectron spectra corresponds to that of
LaCoO;.

Figure 2b shows Co 2p,,,,,, X-ray photoelectron
spectra of LaCoO; and LiCo0O,. It is known that Co**
ions in LiCoQO, are in the low-spin state. The bands at
binding energies of 790 and 804 eV are charge-transfer
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satellites formed by the Co 2 p53d ¢ final state of photo-
emission, while the main lines arise due to Co

2 ps3d7 L-states; here L means the transfer of an elec-
tron from oxygen to cobalt. The spectra of LaCoO;
and LiCoO, are close. Note, the spectrum of LaCoO;
has shoulder £ which can be explained either by the
presence of Co?" ions in the material [41—43] or by the
nonlocal screening effect [44]. Note that nonlocal
screening is impossible for low-spin states of Co** ions

with fully occupied t26g orbitals [44]. Revealing the
charge and spin states of ions in cobaltite will also clar-

ify the nature of this shoulder in Co 2p spectra of
LaCoO;.

To determine the spin states of trivalent cobalt ions,
we use the X-ray absorption Co L spectra shown in the
Fig. 3a. The spectra were measured at two orientations
of the sample relative to the synchrotron beam: at
almost perpendicular incidence of the beam (the angle
between the crystal plane and the beam is 70°, spec-
trum /) and at 40° (spectrum 2). The spectra show dis-
tinct features of A—B—C—D—FE. Features A—B—C
indicate the presence of Co?* ions in the sample. This
follows from the coincidence of the energy positions of
these features with the peaks of the Co L, spectrum of
Co0O. In particular, feature 4 can serve as a “finger-
print” of Co?" ions. This low-intensity prepeak struc-
ture associated with the admixture of divalent cobalt
ions manifested itself in complex cobaltites: in cobalt-
based heterostructures and in layered cobaltites
LnBaCo,04_5 [45, 46], as well as after plastic defor-
mation of cobaltites [47]. Divalent cobalt ions appear
in the material due to a slight oxygen deficiency or due
to the reduction of trivalent cobalt ions on the surface
[48].

The theoretical spectra calculated for HS-Co?* and
HS-Co?* ions are shown in the lower part of Fig. 3a.
The HS states of Co’* ions are displayed in the energy
region 778—779 eV of the spectrum (B—C features).
Feature C has contributions from both HS-Co** and
HS-Co?* ions and feature E is a characteristic of
LS-Co’* ions.

Let us try to extract the spectral signals of trivalent
cobalt ions. It is obvious that the spectrum measured
for the sample placed at the small angle between the
surface of the crystal and the synchrotron beam is
determined to a greater extent by the surface than the
spectrum obtained with an almost perpendicular
beam incidence on the plane of the sample.

In Fig. 3a, the two Co L, spectra of LaCoO; are
plotted at the same intensity of feature A. Normaliza-
tion to the A peak assumes an equal contribution of
Co?" ions to the formation of these spectra. The
applied spectrum registration geometry makes it pos-
sible to compensate for the contribution of signals
from surface layers. It can be assumed that the ions
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Fig. 3. (Color online) (a) Co L3 X-ray absorption spectra
of single crystalline CoO and LaCoO;. The spectra of
LaCoO; are measured at two orientations of the sample
with respect to the synchrotron beam: at nearly perpendic-
ular beam incidence (an angle between the plane of the

crystal of 70°, spectrum /) and at an angle of 40° between
the plane of the crystal and the beam (spectrum 2); (1—2)
difference spectrum. In order to compare with the spec-

trum of EuCoO3 (LS—Co3+ ions), the difference spectrum
is increased by a factor of 4.7. The results of a multiplet cal-

culation of the spectra of Co’" ions in the high-spin (HS)
and low-spin (LS) states in an octahedral environment are
presented. (b) O K X-ray absorption spectra of LaCoOs3,

EuCo03, Sr,C005Cl, and CoO.

HS-Co?*, HS-Co*" and LS-Co*' and, possibly,
IS-Co3*.

The difference spectrum obtained with this ratio of
spectral intensities characterizes the Co®* ions in the
LaCoO; volume. It practically coincides with the
spectrum of cobaltite EuCoOj, in which Co*" ions are
in the low-spin state [49], and with the theoretical
spectrum for LS-Co3* ions. The Ffeature in the spec-
trum of EuCoOs is the Ba M, line, which appeared
due to the contamination of the sample with a barium
impurity during synthesis. It follows from these exper-
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Fig. 4. (Color online) Co KB X-ray emission spectra of
Co0 and LaCoOj single crystals. The spectra of LaCoOj

were measured at room temperature and at about 100 K.

iments that the Co*' ions in the bulk of LaCoO; at
room temperature are in the low-spin state. This is in
agreement with the results of [29], in which a similar
conclusion was made based on an analysis of the shape

of absorption Co L, ; spectra.

A somewhat different result follows from measure-
ments of O K X-ray absorption. Figure 3b shows the
O K X-ray absorption spectra of LaCoO;, EuCoO;,
S1,Co0;Cl, and CoO. These spectra are related to the
Ols — O2p electron transition. Since the electronic
orbitals of cobalt and oxygen are hybridized, the O K
X-ray absorption spectrum reflects the distribution of

unoccupied Co 3d (1,, and e,) states.

Cobalt ions in the pyramids of Sr,CoO;Cl were
established to be in the HS-state [50]. The first maxi-
mum of the spectrum (a) should be described to the
empty Co 3d,,, 3d,., and 3d,, orbitals. Co®" ions in
octahedra of EuCoOj are known to be in the low-spin
state [49]. The 1,, shell is completely occupied. It does
not appear in the absorption spectrum. Peak b in the
O K'spectrum reflects unoccupied e, states. The spec-
trum of CoO is much higher in energy and almost does
not cover the states of trivalent cobalt ions. The spec-
trum of LaCoQj; is much broader than the spectrum of

EuCo00O; and extends into the low-energy area. It
means that the 7,, states in LaCoO; are partially
empty.

There is a significant discrepancy between the

results of measuring the L spectra of cobalt and the
K spectra of oxygen, which can be explained by the

GALAKHOV et al.

difference between the states of Co 3d on the surface
and in the bulk of the sample. Since the X-ray absorp-
tion spectra were measured in the surface-sensitive
total-electron-yield mode, the depth of analysis is
about 5—10 nm. Due to the orientation of the single
crystal relative to the synchrotron beam, cobalt spectra
were used to distinguish the Co 3d states in the bulk.
On the other hand, the oxygen spectrum reflects the
electronic states both in the bulk and on the surface.
Unlike the cobalt spectra, these contributions were
not separated. Thus, it follows from measurements of
the O K spectra that on the surface of the LaCoO; sin-
gle crystal, the Co3* ions are in a mixture of the LS and
HS states and, possibly, the IS state. The surface also
contains high spin Co?* ions, which were detected
using Co L spectra.

The spin states of cobalt ions can be efficiently esti-
mated from Co K3 X-ray emission spectra (3p — 1s
electron transition). Due to the exchange interaction
between the 3p hole and 34 electrons in the final state
of the emission process, these spectra are sensitive to
the spin state of 3d electrons (see, for example, [51—
54]). In the presence of a nonzero spin of a system of
3d -electrons, the KPB-spectrum is split into a rather
narrow K, ;-line and a wide low-energy satellite Kf3',
the intensity ratio of the satellite (/') to the main line
(/) is determined by the total spin of 3d electrons:
1'/I = 5/(S +1). Here S is the total spin of 3d elec-

trons. The energy difference between the K, ; and
KP' lines is proportional to (25 +1) (in the case if
S # 0; for § = 0 the energy difference is equal to 0).

Figure 4 shows the Co K3 spectra of LaCoO; mea-
sured at room temperature and at about 100 K. For
comparison, the spectrum of CoO is presented (high
spin Co?" ions, § = 3/2). The spectra of LaCoO; do
not contain a satellite characterized systems with non-
zero spin of 3d electrons. Moreover, an increase in
temperature from 100 K to room temperature practi-
cally does not change the spectrum. Fluorescent radi-
ation was excited by a synchrotron beam; therefore,
the results obtained should be referred to the bulk of
the sample. Thus, this experiment confirms the low-
spin state of trivalent cobalt ions in the bulk of
LaCoO;.

To summarize, we have carried out characteriza-
tion of single-crystalline cobaltite LaCoO; by X-ray
spectroscopy methods. We have established that Co’*-
ions in the bulk of single-crystalline LaCoO; at room
temperature are in the low spin state. On the surface of
LaCoO0;, there is a mixture of HS-Co?*, HS-Co**, IS-
Co’** and LS-Co*" ions.

JETP LETTERS  Vol. 118
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