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Abstract—The XANES spectra (X-ray absorption near-edge spectra) at the K edge of Co and the L; edge of
Gd in polycrystalline Gd 4Stj (CoO; _ 5 rare-earth oxides with an ordered and disordered distribution of
Gd3* and Sr*" cations over the A sites in the crystal lattice are measured. The results of XANES measure-
ments do not reveal a noticeable shift in the absorption edge with increasing Sr concentration as compared to
the GdCoOj; parent composition. The measured temperature dependences of the heat capacity of polycrys-
talline ordered and disordered samples and a single-crystal ordered Gd 4Sry (C0O, g5 sample exhibit two

Schottky anomalies. These anomalies are thought to be related to the high-spin state of the Co®" ions in the
pyramidal environment caused by oxygen deficiency and to the magnetic state of oxygen p electrons induced
by the doping-assisted generation of a hole in the 2p state. The absence of a noticeable shift in the absorption
edge and the presence of two Schottky anomalies support the fact that the charge state of cobalt remains

unchanged in the compounds under study.

DOI: 10.1134/S1063776118020036

1. INTRODUCTION

The rare-earth cobalt oxides RCoO; (R is a rare-
earth ion) doped with divalent alkali metals form a
class of materials with unique physical properties [1].
Like supercooling La,CuO, cuprates and RMnO;
manganites, they belong to systems with strong elec-
tron correlations and are insulators in the plain state.
However, the cobaltites have a specific feature caused
by the competition of the spin states of the Co** ion.
The filling of the d° electron shell of the Co** ion does
not obey the Hund rules and the ground state is repre-
sented by a low-spin (LS) term with .S = 0 rather than
a high-spin (HS) state with spin .§ = 2. Doping is a
fundamental method to control many physical prop-
erties of complex oxides, and the balance between the
one-site interaction energy and the charge transfer
energy can strongly affect an electronic structure
according to the nature of the unsubstituted ground

state [2, 3]. For example, doping in the Mott—Hub-
bard dielectric mode directly changes the valence state
of transition metal ions (manganite case), and doping
in the charge-transfer dielectric mode leads to the
appearance of carriers in the oxygen sublattice
(cuprate case). Cobaltites are likely to belong to the
transition (crossover) region between these two limit-
ing cases. A detailed understanding of the formation of
this crossover region can eventually answer the ques-
tion why complex oxide cobaltites exhibit such
unusual magnetic and electronic properties, which has
attracted the attention of researchers for several
decades [4].

As in manganites, hole doping in cobaltites causes
conduction and the formation of a magnetic order.
The traditional concept of the appearance of ferro-
magnetism consists in a change in the charge state of
cobalt ions, which results in exchange interaction
between aliovalent ions in terms of the double
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Table 1. Designation, lattice, and nonstoichiometry & of
polycrystalline Gd, 4S1) (CoO; _ 5 samples (298 K)

Composition State Designation | Lattice o
Gdj 4SryCo|Ordered |GSC-ord  |Tetragonal | 0.22
O3_5 Disordered |GSC-dis Cubic 0.36

exchange model. The substitution of alkaline earth
metal ions for some rare-earth ions gives rise to
localized holes. In this case, the properties of a sys-
tem are considered in terms of a state with a mixed
valence of Co** and Co*" ions, and the fraction of
Co*" jons increases monotonically with the degree
of doping [5—7].

However, other standpoints regarding the
valence of cobalt in such compounds exist. Using
the Sm, _,Ca,CoO;_ 5 compound as an example, the
authors of [8] showed that the removal of every oxygen
ion during synthesis at normal oxygen pressure
decreases the local coordination of transition metal
ions from octahedral to pyramidal without changing
the valence of cobalt. At a low temperature, the Co’*
ions in the pyramidal environment are in a magnetic
state. In [9], we studied substituted cobaltites using a
Gd, 451 C00, g5 single crystal as an example. An
analysis of the XANES spectra at the edges of the Co
and Gd ions did not support the assumption about the
appearance of Co** ions upon hole doping and points
to a more complex nature of the hole states at the top
of the valence band formed by the hybridized p states
of oxygen and the 3d states of cobalt.

In this work, we measure XANES spectra at the K
edge of Co and the L; edge of Gd in ceramic
Gd, 451, ¢C00; _ 5 oxides with ordered and disordered

cation Gd*" and Sr?* distributions over the A4 sites in
their crystal lattice and determine the temperature
dependence of the heat capacity Cpofthese oxides and
an ordered Gd, 4St, (CoO, g5 single crystal. The mea-
sured XANES spectra have a specific feature that is
identical to that of the single crystal, and the low-tem-
perature part of the heat capacity has two Schottky
anomalies. These anomalies are thought to be related
to the HS state of the Co*" ions in the pyramidal envi-
ronment caused by oxygen deficiency and to the mag-
netic state of oxygen p electrons, which is induced by
the doping-assisted generation of a hole in the 2p state.

2. EXPERIMENTAL

Polycrystalline Gd, ,Sr, (CoO; _ 5 samples were
prepared using a standard ceramic technology from
the stoichiometric amounts of Gd,05 (99.9% purity),
Co0,0, (99.7%), and SrCO; (99%). They were thor-
oughly mixed with ethanol in a jasper mortar, and the
prepared mixture was annealed in air at 1473 K for 12
h. Pressed pellets were annealed under the same con-
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ditions for 16 h. A-site-ordered (GSC-ord) samples
were fabricated by cooling to room temperature at a
rate of 2 K/min, and A-site-disordered (GSC-dis)
samples were fabricated by cooling from the synthesis
temperature to room temperature at a rate of 100 K/s.
No air annealing at 7 = 773 K was performed to
achieve the maximum oxygen nonstoichiometry.

X-ray diffraction (XRD) analysis was carried out
on a PANalyticalX’Pert PRO diffractometer
(CoK,, radiation) in the angular range 26 = 10°—140°,
and X-ray diffraction patterns at high temperatures
were recorded using a high-temperature AntonPaar
HTK 1200N chamber. XRD results were processed by
the Rietveld full-profile analysis of polycrystals [10]
and minimizing the derivative of the difference [11].

The oxygen contents in the Gd, 4,Sty (CoO; _5sam-
ples were determined from the sample mass loss
during hydrogen reduction according to the technique
from [12], the error of determining nonstoichiometry
& was £0.01, and the results are given in Table 1.

XANES (X-ray absorption near-edge) and EXAFS
(extended X-ray absorption fine structure) spectra
were measured at the K edge of Co and the L; edge of
Gdin Gd, _ ,Sr,Co0O;_5on the CTM station (K1.3b)
of the Russian Research Centre Kurchatov Institute.
Absorption spectra were recorded in transmission
geometry at room temperature. As a monochromator,
we used a Si(111) single crystal with a slit, which
ensured an energy resolution AE/E ~ 2 x 10~* The
scanning step in the XANES region was about 0.4 eV
and the counting time was 4 s per point.

The heat capacity was measured on the PPMS
Quantum Design (United States) device equipped
with a special-purpose unit and located at the Center
for Collective Use of the Lebedev Physical Institute.

The magnetization was measured on an MPMS-
XL Quantum Design SQUID magnetometer.

3. RESULTS AND DISCUSSION

At temperatures above 1473 K, the samples con-
sisted of Sr/Gd-cation-disordered nonstoichiometric
cubic perovskites (Figs. 1c, 2b). An exothermic pro-
cess was detected upon slow cooling (2 K/min) in the
temperature range 1263—1363 K, and this process can
be attributed to the phase transition of cubic per-
ovskite into its tetragonal modification with the for-
mation of a superstructure with an ordered arrange-
ment of Sr/Gd cations and anion vacancies (Figs. 1a,
2a). The reverse transition of the tetragonal ordered
phase into the cubic phase occurred upon heating in
the temperature range 1273—1403 K. On fast cooling
(about 100 K/s) from T= 1473 K, the samples retained
a cubic structure with a uniform random distribution
of Sr/Gd cations and anion vacancies (Figs. 1b, 2b),
and the quenched metastable state remained
unchanged in air at temperatures below 1073 K.
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Figure 3 shows the normalized XANES spectra of
GdCoO;, ordered Gd, 4Sr; 4Co00, 75, and disordered
Gd, 4S1; C00, ¢, measured at the K edge of Co at
room temperature. The absorption maximum
(at about 7727 eV) corresponds to the dipole-allowed
ls—4p transition [13]. No significant shift of the
absorption edge of Co is observed when Sr substitutes
for gadolinium. The energy position of the absorption
edge (£, = 7724 eV) for the substituted samples is close

to the absorption edge of GACoO; (Co’*). The found
value of E|, agrees with the data determined for plain
LaCoO; and EuCoO; cobaltites [ 13—15]. A shift of the
absorption K edge toward high energy is thought to
indicate an increase in the absorbing-atom charge. For
example, the shift at the K edge of Co induced by the
substitution of Co3* for Co*" is about 3 eV (Fig. 3,
upper panel) [16]. The absence of such a shift in the
case of GdCoO;, GSC-ord, and GSC-dis demon-
strates that the charge state of Co remains unchanged.
Such an effect was observed earlier in La, _ ,Sr,CoO5 5
perovskites [14, 17—19]. The substitution of Sr?>* ions
for Gd*" ions could lead to an increase in the charge of
Co (Co*" — Co*") or the appearance of holes at oxy-
gen. The second scenario of hole doping, where holes
are more strongly localized at the O(2p) states, is likely
to take place in the Gd, _ ,Str,CoO; _ 5 system. In this
case, the Co(3d) states and, hence, the charge state of
cobalt should change weakly. The holes at the O(2p)
states will be charge carriers and the interaction of
unpaired oxygen spins with the cobalt subsystem can
give an additional contribution to magnetism. The
appearance of holes at oxygen in the La, _ ,Sr,CoO; . 5
system was experimentally supported by the XANES
and XMCD spectra measured at the K edge of O in
[18, 20]. It was also shown that the addition of Sr led
to the shift of the K edge of O toward low energy and
to a change in the absorption intensity. A significant
increase in the XM CD signal, which was related to the
appearance of a nonzero orbital magnetic moment at
oxygen, was detected in [21].

The substitution of Sr?* ions for some Gd** ions
changes the shape and the intensity of the near-edge
region, the maximum of which shifts toward low
energy (to about 7711.2 eV). This behavior can be
explained by a change in the spin state of the Co’* ions
in the Sr-substituted sample. A change in the spin state
(LS or HS) creates unfilled #,, states and gives rise to a
redistribution of the 1s—3d transition intensities,
which is accompanied by a shift of the center of the
near-edge feature toward low energy [17, 22].

The influence of Sr substitution on the local elec-
tronic structure of Gd was studied by measuring
XANES spectra at the L edge of Gd. Figure 4 shows
the XANES spectra of GdCoO;, GSC-ord, GSC-dis,
and Gd,0; (taken as a standard of Gd3"). The energy
maximum at 7248 €V is related to the 2p;,,—5d dipole
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Fig. 1. Fragments of the X-ray diffraction patterns of (a)
annealed CGS-ord (ordered) and (b) quenched GSC-dis
(disordered) samples at (b) room temperature and (c)
1200°C. (b, ¢) Fundamental reflections of cubic per-
ovskite. (a) Superlattice reflections of tetragonal per-
ovskite. The indices of the reflections of (b, ¢) cubic struc-
ture from left to right are 100, 110, 111, and 200; the weak-
est reflection is 100 and the strongest reflection is 110.
(a) I4/mmm, Z=16,a="1.6785(2) A, c = 15.398(5) A, V=
907.87(5) A3, (b) Pm3m, Z=1, a = 3.83421(6) A, V =
56.367(3) A3; and (c) Pm3m, Z =1, a = 3.94640(5) A,
V=61.462(2) A>.

transition of the Gd** ion (4/). The introduction of Sr
increases the transition intensity, which can be associ-
ated with both an increase in the number of unfilled 5d
states and a change in the degree of Gd(5d)—0(2p)
hybridization.

The results of XANES measurements demonstrate
that, as the Sr’>* content increases, (i) the absorption K
edge of Co does not shift (which can indicate that the
charge state of Co does not change (Co’")), (ii) the
holes at the 2p states of oxygen can contribute to the
magnetic state of the system along with Gd** and Co**
ions, and (iii) the holes at the O(2p) states hybridized
with the Gd(5d) states can increase the number of
unoccupied 5d states.

The temperature dependences of the molar heat
capacities of the ordered Gd,, ,St, (C0O, g5 single crys-
tal and the ordered/disordered Gd,,Sr,sCoO;_j5
polycrystalline samples did not exhibit significant dif-
ferences in the temperature range under study (7 <
275 K). Therefore, as an example, we only show the
experimental temperature dependence of the heat
capacity of the Gd, ,Sr, (CoO, g5 single crystal (Fig. 5,
Vol. 126
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(b)

Fig. 2. Structures of (a) A-site-ordered (GSC-ord) and (b) A-site-disordered (GSC-dis) perovskites Gd 4Sr; CoO, 74 and
Gd( 4S1g C00O, ¢4, respectively. (dashed lines) Unit cells of their crystal lattices. Octahedra correspond to the position of Co**

with O2~ anions at the vertices and spheres are Sr*" and Gd>" cations. (a) Small black spheres are Sr¥t or Gd3+, large gray and
light gray spheres are crystallographically different Sr2* sites. (b) Light gray spheres indicate the sites statistically occupied by

Sr2+/Gd3+ cations.

open circles). Specific features at a low temperature
and T = 125 K are clearly visible (Fig. 5a). The latter
feature is caused by a transition into a paramagnetic
state (Fig. 6). To determine the characteristics related

XANES, arb. unit

1.4 I . T . .
Co Co?* Co*l
1.2+ | J
|
1.0} I 1
0.8} | )
0.6 1
|
041 ! 1
| —— GdCoOs
L I —— GSC-dis |
0.2 : —— GSC-ord
7710 7720 7730 7740 7750
E, eV

Fig. 3. (Color online) Co K-edge XANES spectra of
GdCoO5 and Gd 451j (CoO3 _ 5 (GSC).
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to these features, we divided the molar heat capacity
into a regular component (lattice and electronic) C,
and anomalous contribution AC. To determine the
contribution of the anharmonic component and free
electrons to the heat capacity, we used a linear combi-
nation of the Debye and Einstein functions with an
additional linear term,

C.(T) = aCp(T) + bCx(T) + cT.

The results for C(T) are illustrated as the dashed
line in Fig. 5 (Debye temperature is Tp = 267.4 K,
Einstein temperature is 7 = 578 K). Anomalous con-
tribution AC is shown in the inset to Fig. Sa.

The heat capacity at low temperatures 7’ < 30 K
(Figs. 5b, 5¢) was processed as the sum (solid curve) of
the heat capacities of electrons, lattice, and two
Schottky heat capacity contributions (Figs. 5b, 5c;
dotted curve),

C, =C.T)+ KiCsy(T,A)) + Ky, Cypyr (T, Ay),
where
Vol. 126
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XANES, arb. unit

4 ; : ; ; : ;
___ GdCoO;
— Gd,0
2p = 5d - GSCeond
3r —— GSC-dis
2 L .
1 L .|
0 I 1 | | |
7220 7230 7240 7250 7260 7270 7280 7290
E, eV

Fig. 4. (Color online) Gd L;-edge XANES spectra of
GdCo0Oj3 and Gd) 451) (CoO3; _ § (GSC) in comparison

with a Gd,Oj5 standard (7'= 300 K).

2
A exp(A/kgT)
C T,A = NR| — 5
s 8) (kBTj * 1+ gexp(d/kT)T

A is the energy range between the ground state and the
nearest excited state, R is the molar gas constant, kg is
the Boltzmann constant, N is the concentration of
ions with a two-level structure, and g is the degeneracy
multiplicity of the ground and the excited states. The
relation C(T) = ¢T + AT? was used in the low-tem-
perature range. The cubic term is a long-wavelength
approximation for the Debye model. In this tempera-
ture range, this approximation describes the heat
capacity of the lattice best of all [23].

Figure 5b shows the simulation results for the case
of when only gap isused, A, =A=12.75 Kand A, = 0.
The best agreement with the experimental data
(Fig. 5¢) is achieved at g = 2 in the presence of exactly
two Schottky anomalies corresponding to two energy
gaps, A; = 8.3 K and A, = 21.8 K (Fig. 5c, dotted
curve). In both cases concentration N is fixed and cor-
responds to the component composition and the oxy-
gen nonstoichiometry of Gd, 4,St; C0O, gs.

The nature of formation of the first energy gap A,
can be understood using the following concept: some
Co*" ions is in pyramidal environment in the HS state
CT 5) [24] with an effective orbital moment L = 1 and
spin S = 2 because of oxygen deficiency. As a result of
spin—orbit coupling, the ground state is represented by
a state with a total angular moment J = 1, which is split
by the crystal field into a singly degenerate state with
an angular moment projection J, = 0 and a doubly
degenerate state with projection J, = 1 the energy of
which is higher by A, (Fig. 7a). These considerations
correspond to the analogous conclusions drawn in

C,» 3/(mol K)
1200
(a)
100} e
80!
60}
40}
200
50 100 150 200
) . ) ) T, K,
0 50 100 150 200 250
T K
C,, J/(mol K)
9
8l
1o |
6,
5,
4+ ’/’
3t R
2 | 0 E ‘,///,/’ . ’
ifoeT
0 5 10 15 20 25 30
T.K
C,, J/(mol K)
9
8l £
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(c) ’
71 2
4
6 £
4
! L
’/
4 .
3t L7
2t fo W‘_,x’
1 \s‘/\:\"‘/:’ ’
o 5 10 15 20 25 30

T,K

Fig. 5. (Color online) Temperature dependence of the heat
capacity C, of Gd 451 (CoO; g5 in the temperature range
(a) 2—275 K and (b, c) 2—30 K. (open circles) Experimen-
tal data, (dashed curve) regular component (lattice and
electron) of the heat capacity, (dotted curve) Schottky heat
capacity contributions, and (solid curve) sum of the regu-
lar component and the Schottky heat capacity contribu-
tions.
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X‘l, CGS unit/(mol Oe)
18

1615

0 50

100

Fig. 6. (Color online) Temperature dependence of the
reciprocal magnetic susceptibility of a crystalline
Gd 4S1j C00, g5 sample in a field H = 500 Oe. (straight
line) Approximation by a linear relation according to the
Curie—Weiss law in the temperature range above 150 K
(Tc = 138 K). (inset) Temperature dependence of magne-
tization in the temperature range under study.

[25] when studying the low-temperature anomaly of
the heat capacity of LaCoO; in a magnetic field, the
experimental data from [26—28], and the theoretical
concepts in [29]. It should be noted that the splitting
A, = 8.3 K agrees well with the experimental splitting
determined by inelastic neutron scattering [28]. The
appearance of the second gap is less obvious, since
neither Co ions having various charge states (Co**,
Co**, Co?") nor, a fortiori, Gd>* and Sr?* ions have
the corresponding energy structure of multielectron
terms even with allowance for spin—orbit coupling and

(@)

ORLOV et al.

various crystalline distortions. Our assumption is that
the presence of the second energy scale (A, = 21.8 K)
is related to partial hole localization at oxygen in dop-
ing. As aresult, the incompletely filled 2p° state of oxy-
gen with orbital moment L = 1 and spin .§ = 1/2 splits
into a doubly degenerate ground state with a total
angular moment J = 1/2 and a quadruply degenerate
excited state with an angular moment J = 3/2 because
of spin—orbit coupling, and the splitting corresponds
to A, (Fig. 7b). Of course direct measurements and
observations are required for a more convincing con-
clusion. Nevertheless, a powerful argument for this
assumption is the fact that the gap A, = 21.8 K is close
to the fine splitting of the energy levels of the sodium
atom for the first excited orbit, AW}, = 24 K. Since the
charge of the oxygen atomic nucleus is lower than the
charge of the sodium atomic nucleus, we have A, <
A WNa.

Another interesting finding is that two Schottky
anomalies exist only in doped compositions, whereas
the plain compositions have only one anomaly corre-
sponding to an energy gap A, = 8 K [25].

4. DISCUSSION AND CONCLUSIONS

The substitution of Sr?* ions for some Gd** ions in
stoichiometric compounds should cause the appear-
ance of holes in the Co(3d) or O(2p) state and, hence,
the 3d®~* or 2p®—*/3 electron configuration. If the first
scenario of hole doping takes place, the properties of
the Gd, _ ,Sr,CoO; _ 5 system are considered in terms
of mixing the Co** and Co** ion states. At a fixed oxy-
gen nonstoichiometry 8, the charge state of cobalt
should monotonically change with concentration x.
This approach to structurally ordered
Gd, 4S1; C00, 55 should lead to an increase in the

[4]

——J=3)2
2p E
I=1,s=2 |
LA
p Ly
0 A 2L o

(b)

Fig. 7. Set of low-energy multielectron terms for (a) 3d° electron configuration of the Co>" cobalt ion in the crystal field and

(b) 2p5 electron configuration of the o'~ oxygen ion. The numerals in square brackets indicate the degeneracy multiplicity of the

terms.
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charge state of cobalt to Co*!*, and this approach

applied to disordered Gd,4Sr;(Co00O, ¢, should bring
about a decrease in this state to Co>3%* (instead of
Co’* in GdCo0,). If the chemical shift and the charge
state of Co are assumed to be linearly related, a change
in the valence should induce a visible shift of the
absorption edge toward high/low energy. Neverthe-
less, the experimentally detected shift of the absorp-
tion edge in GSC-ord and GSC-dis does not exceed
0.5 eV. Therefore, the charge state of cobalt (Co*") is
thought to remain unchanged in substituted
Gd, 4S1; C00, 44 and Gd, 4,St; cC0O, 75. The XANES
spectra are independent of nonstoichiometry and cat-
ion ordering/disordering.

Two Schottky anomalies were detected in the low-
temperature range of the heat capacity of all substi-
tuted samples under study, namely, single-crystal
ordered and polycrystalline ordered and disordered
samples with various nonstoichiometries. These
anomalies are thought to be related to the HS state of
the Co’" ions in the pyramidal environment caused by
oxygen deficiency and to the magnetic state of oxygen
ions induced by the doping-assisted generation of a
hole in the 2p state.

The unusual results obtained in this work, such as
no change in the charge state of cobalt in the
Gd, 4St; CoO; _ 5 solid solution, raise new questions
about the nature of conduction and magnetism in
doped cobaltites, which are still poorly understood.
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