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X-ray diffraction and X-ray absorption near edge structure (XANES) spectra have been measured at the Co
K-edge and Gd L;-edge in GdCoOj3 and Gd 451 4C00O, g5 cobaltites. The effect of Sr substitution on the
crystal structure and electronic and magnetic states of Co*" ions in a Gd, 4Sr; 4C0O, g5 single crystal has been
analyzed. The XANES measurements at the Co K-edge have not showed a noticeable shift of the absorption
edge with an increase in the concentration of Sr. This indicates that the effective valence of cobalt does not
change. An increase in the intensity of absorption at the Gd Ls-edge is due to an increase in the degree of

hybridization of the Gd(5d) and O(2p) states. The effect of hole doping on the magnetic properties results in

the appearance of the ferromagnetic component and in a significant increase in the magnetic moment.

DOI: 10.1134/50021364016030139

1. INTRODUCTION

Rare-earth cobaltites RCoO; (where R is a rare-
earth ion) doped with bivalent alkaline ions constitute
a class of materials with unique physical properties [1].
These compounds in the undoped state, as well as
high-temperature superconducting cuprates and man-
ganites RMnO;, are Mott insulators. As in manga-
nites, hole doping leads to the appearance of conduc-
tion and a magnetic order. The cobaltites have a spec-
ificity caused by competition between various spin
states of the Co*" ion. For unsubstituted cobaltites
RCo00O;, among which LaCoO; is most studied, it was
established that the ground state is formed by a non-
magnetic low-spin state LS (.§ = 0), whereas high-spin
states HS (5= 2) become occupied with an increase in
the temperature [2, 3]. Our detailed study [4] of
GdCoOs also showed that Co** at low temperatures is
in the LS state and the HS states form the tempera-
ture-dependent effective moment.

In this work, we study the Gd, 4,Str, (C0O, g5 single
crystal as an example of substituted cobaltites. The
simplest hypothesis of the appearance of Co*" ions at
hole doping with a nonzero magnetic moment seem-
ingly corresponds to the revealed magnetic state at low
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temperatures. However, the analysis of XANES spec-
tra at Co- and Gd-ion edges does not confirm this
hypothesis and indicates a more complex nature of
hole states at the top of the valence band formed by the
hybridization of the O(p), Co(3d), and Gd(5d) states.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUES

The Gd, 4St,sCoO; _ 5 single crystal was obtained
by the optical floating zone method. To synthesize the
initial charge, the stoichiometric amounts of oxides
Co;0, (99.7%), Gd,0; (99.99%), and SrCO;
(99.99%) were carefully mixed in ethanol in a jasper
mortar. After drying, the mixture thus obtained was
annealed at a temperature of 1200°C in a platinum
crucible for 24 h in air with multiple repetition of mill-
ing—annealing cycles. Further, cylindrical rods with a
diameter of 6 mm and a length of 80 mm were pressed
from the synthesized powder by hydrostatic compres-
sion. The rods were sintered in air at a temperature of
1650°C for 10 h, were then placed in an FZ-T-4000-H
optical floating zone furnace, and were heating to
melting. The growth rate was 2 mm/h and the rate of
relative rotation of rods was 30 rpm. Argon at normal
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Fig. 1. Result of the ¢-scanning of the Gd 4Srj CoO; g5
sample demonstrating the characteristic diffraction pat-
tern from a single crystal. The scanning covers the total
angular range of 360° about the vertical axis.

pressure was used as a gaseous medium. The resulting
remelted rod had a diameter of ~5 mm and a length of
~70 mm. The central part of the rod was studied. The
technology of producing polycrystalline GdCoO; was
described in detail in [4], where X-ray diffraction data
were also reported.

The crystal structure was analyzed in Cu K, radia-
tion on a PANalytical X’ Pert Pro powder diffractome-
ter at room temperature. The angular range 20 = 10°—
90° was scanned with a step of 0.013°. The Ilattice
parameters were determined from the positions of dif-
fraction maxima with the use of the ITO code [5]. The
refinement of the crystal structure was performed
from the total profile of the diffraction patterns with
the Rietveld method [6] and the minimization of the
derivative of the difference [7].

The single-crystal diffraction of Gd, 4Sr; cCoO; _ 5
was measured at the Belok station (K4.4e), National
Research Centre Kurchatov Institute. The total angu-
lar range of 360°about the vertical axis was scanned
with a step of 2° on a Rayonix SX165 matrix CCD
detector at A = 0.9886 A. Figure 1 shows the result of
the -scanning of the sample demonstrating the dif-
fraction pattern characteristic of a single crystal. Reli-
able refinement of the crystal structure was impossible

Table 1. Lattice parameters of cobaltites

because a fraction of intensities of diffraction peaks
were beyond the dynamic range of the detector.

The content of oxygen and nonstoichiometry index
0 were determined from the loss of mass (Am, %),
which was measured at the thermogravimetric recon-
struction, under the assumption that cobalt is reduced
to a metallic state [8]. The reduction was performed
with an NETZSCH STA 449C analyzer equipped with
an AeolosQMS 403C mass spectrometer. The experi-
ment was carried out in an argon flow with 5% H, at
the heating of the sample to 900°C with a rate of
10° per minute. For crystalline Gd, ,Sr, ;CoO; _ 5, we
obtained & = 0.15 £ 0.01. Below, we use the formula

The XANES and extended X-ray absorption fine
structure (EXAFS) spectra at the Co K-edge and Gd
L;-edge in GdCoO; and Gd, 4,St, C00, 35 were mea-
sured at the STM station (K1.3b), National Research
Centre Kurchatov Institute. The absorption spectra
were recorded in the transmission geometry at room
temperature. A channel-cut Si(111) single crystal
monochromator was used providing an energy resolu-
tion of AE/E ~ 2 x 10~* The scanning step in the
XANES range was ~0.4 e¢V. The signal accumulation
time was 4 s per point. The samples were preliminarily
milled into a powder, which was then deposited on a
thin kapton film with a gluing layer in order to ensure
uniform absorption.

The field and temperature dependences of the
magnetization were measured on a vibration magne-
tometer [9] in magnetic fields to 60 kOe. The relative
error of measurements is no more than the width of
lines shown in the figures.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

3.1. X-ray Diffraction

Figure 2 shows the diffraction pattern of
Gd, 4S15C00,¢s. The analysis of the positions of
reflections and systematic extinctions revealed a
rhombic crystal system (space group I/mam). The lat-
tice parameters are summarized in Table 1 in compar-
ison with the data for GdCoO;. Atoms of Gd and Sr
equiprobably occupy site A in Gd, 4Sr, CoO;. There
are two nonequivalent oxygen sites. Anion vacancies
are distributed randomly. The replacement of Gd**

ions (ion radius Fog = 1.215 A) by Sr2* ions with a

larger ion radius Fgor = 1.44 A [10] results in an

S

Space group a, A b, A c, A v, A3
GdCoO;, Pbnm 5.22591(4) 5.39095(5) 7.45565(6) 210.045(3)
Gd 4S1) 4C00, g5 Imam 5.3601(6) 5.3785(7) 7.5751(11) 218.38(5)
JETP LETTERS Vol. 103 No.3 2016
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Fig. 3. (Color online) XANES spectra at the Co K-edge for
the compounds Gd; _ ,Sr,CoO3 _ 5 (x = 0.0, 0.6). The
dashed vertical straight line marks the energy of the
absorption edge of the samples.

and, second, the intensity of the 2p—5d dipole transi-
tion in the Gd ion increases.

3.3. Magnetization

Figure 5 shows the field dependences of the mag-
netization of GdCoO; and Gd, 4Sr;C00, s mea-
sured at liquid helium temperatures. The magnetiza-
tion of Gd, 4Sr,C00, ;s is the superposition of two
contributions: parametric from Gd>** ions and ferro-
magnetic associated with the Co—O magnetic subsys-
tem. Owing to the paramagnetic contribution from
Gd3* ions, magnetic saturation does not occur in
fields up to 60 kOe. The ferromagnetic contribution is
manifested in the form of a hysteresis loop with the
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Fig. 4. (Color online) XANES spectra at the Gd L3 edge of
the compounds Gd; _ ,Sr,CoO5 _ 5 (x = 0.0, 0.6) as com-
pared to the Gd,Oj5 reference.
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coercive force H, = 1.1 kOe. The remanent magnetiza-
tion in GdCoO; (~6 pg/fu.) is close to 7 pg/fu.
expected for the 85, ground state of the Gd** ion.

The paramagnetic contribution of Gd** ions in the
Gd, 451, C00, g5 substituted sample should give a
much smaller remanent magnetization than the exper-
imentally observed value. We estimated the magnetic
moment associated with the Co—O subsystem as
~1.95 pg/fu. The temperature of the magnetic transi-
tion in the Gd;,Sr)cCo00,¢s substituted sample is
135 K.

4. DISCUSSION

The substitution of Sr?* ions for some R-rare-earth
ions should initiate the appearance of holes, which can
both be localized and become charge carriers. In the
case of the first scenario of hole doping, the properties
of the R, _ ,Sr,CoO; _ 5 system are considered within
the concept of mixing of Co*" and Co*" states. The
fraction of Co*" increases monotonically with the
concentration x [15, 16]. To determine the valence
state of cobalt ions by XANES spectroscopy (at the Co
K-edge), both the shift of the absorption edge and the
shift of the main absorption maximum are used. In the
case of the linear dependence between the chemical
shift and the valence state of Co, an increase in the
valence should lead to a visible shift of the absorption
edge toward higher energies. In particular, the shift at
the Co K-edge under change of Co*" to Co** is about
3 eV (the upper panel in Fig. 3). The XANES studies
of manganites show that the shift of the Mn K absorp-
tion edge is AE, = 3¢V, which is associated with change
in the valence from Mn** to Mn** in LaMnO; and
CaMnO; [17]. At the same time, similar studies in
La, _ ,S1,CoO; cobaltites indicate a weak (or absent)
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Fig. 5. (Color online) Field dependences of the magnetiza-
tion of GdCoOj3 and Gd) 4Srj C0O, gs.
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concentration dependence of the Co K absorption
edge [18, 19].

The addition of 60% Sr to the Gd, Sty cCo00O,;gs
sample under study in this scenario would increase in
the effective valence of cobalt to Co*3* (instead of
Co*" in GdCo0;). Nevertheless, the experimentally
detected shift of the absorption edge in
Gd, 4S15C00, 45 does not exceed 0.3 eV. Conse-
quently, we can conclude that the valence state of
cobalt in substituted Gd, ,Sr, sC0O, g5 is close to Co’".
The other hole doping scenario in the
Gd, 451y cCo00, g5 system implies that holes are par-
tially localized on O(2p) states and become charge car-
riers (bond character). In this case, Co(3d) states and,
therefore, the effective valence of cobalt should hardly
change. The structural distortions associated with the
substitution of Sr?* ions for Gd*" ions (changes in the
interionic distances (Gd/Sr—0), (Co—0), and angles
of the Co—O—Co bonds) change the degree of hybrid-
ization of Co(3d)—O0(2p) and Gd(5d)—O0(2p) states
and increase the intensities of dipole transitions.

Holes localized in O(2p) states can have a magnetic
moment. The interaction of unpaired spins of oxygen
with the cobalt subsystem can make an additional con-
tribution to magnetism. The XANES and X-ray mag-
netic circular dichroism (XMCD) measurements at
the O K-edge experimentally confirm the appearance
of holes on oxygen in the La, _ ,Sr,C00O;,4 system. It
was shown that an increase in x is accompanied by a
significant increase in the intensity of absorption and
a shift of the K-edge toward lower energies (527—
529 eV), which is due to an increase in the number of
unoccupied O(2p) states [20]. The intensity of the
XMCD signal increases simultaneously, indicating a
nonzero orbital angular momentum on oxygen
(appearance of magnetic holes). The magnetic moment
on O is parallel to the magnetic moment of Co.

To conclude, it is worth noting that the introduc-
tion of strontium in GdCoOj; affects the crystal struc-
ture, changing the symmetry of the lattice and creating
local distortions of the nearest environment of Co and
Gd ions. At the same time, the electronic state of Co
ions hardly changes. The appearing hybridization of
O(2p) states with Co(3d) states and Gd(5d) states
increases the intensity of dipole transitions. The intro-
duction of strontium induces the appearance of a fer-
romagnetic order and increases the magnetic moment.
The nature of hole states requires additional studies,
including X-ray absorption spectroscopy and XMCD
studies at the O K-edge.
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