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Pressure-induced structural and magnetic phase transitions in La 75Bag.25C00, ¢ studied
with scattering methods and first-principle calculations
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We studied structural and magnetic phase transitions under applied pressure for the doped cobaltite
Lay75Bag25C00,9. Neutron and x-ray diffraction experiments established the coexistence of rhombohedral and
cubic phases in the sample. The magnetic state at 2 K is best described as a long-range ordered antiferromagnet
(AFM) with small ferromagnetic (FM) clusters. With application of pressure, the rhombohedral phase gradually
transforms into a cubic one. At room temperature and the highest applied pressure of 16 GPa, the cubic phase
accounts for 70% of the sample volume. Quantum mechanical modeling confirmed the experimental findings and
provided more insights into the structural and magnetic phase transitions at pressures exceeding 16 GPa. While
the cubic crystal structure was preserved above 10 GPa, the AFM to FM phase transition was found at around
16 GPa. Further increase of the pressure resulted in suppression of magnetic order above 45 GPa. Using density
functional theory (DFT)+U calculations, we were able to relate macroscopic magnetic properties induced by

pressure with corresponding spin-state transitions in Co ions.

DOI: 10.1103/PhysRevB.104.144107

I. INTRODUCTION

The spin-state transitions of Co ions in cobalt oxides with
pervoksite structure (cobaltites) have been intensively stud-
ied by experimental and computational methods [1-8]. The
most studied cobaltite LaCoO3 displays thermally induced
transitions of Co** from low spin (LS) state to intermediate
spin (IS) and high spin (HS) states due to the competition
between crystal-field splitting A.; and Hund’s rule exchange
balance [9]. The crystal-field splitting is rapidly increasing
with decreasing Co-O bond length r (A.p ~ r~>); thus, vari-
ations of Co-O bond length can induce a spin-state transition.
The most straightforward way of increasing Co-O bond is
to increase the temperature; yet even in this case, the exact
mechanisms of the thermally induced spin-state transitions in
LaCoOs; are still under debate. At the same time, other ap-
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proaches to change Co-O bond length and the corresponding
spin-state transitions were employed, such as doping, external
pressure, and application of high magnetic fields [10-17].
While adding external parameters complicates understand-
ing of the spin-state transitions in cobaltites, it offers many
fascinating opportunities to engineer new types of materi-
als with unique transport and magnetic properties. In this
work, we focus on a partial substitution of La’t with the
alkaline-earth metal Ba®*. Ba®* has a larger ionic radius of
149 pm, as compared with the radius of 106 pm for La**
ion. The parent LaCoO3; compound crystallizes into a per-
ovskite structure with rhombohedral distortions with the space
group R3c in a wide range of temperatures and pressures [1].
Replacing La atoms with Ba reduces these distortions, and
further application of external pressure could potentially sta-
bilize such undistorted cubic phase (space group Pm3m).
There is a large number of articles devoted to theoretical
modeling of the electronic structure of LaCoOs [9,18-29];
yet there are much fewer works on calculations of its doped

©2021 American Physical Society
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compositions [30-32], partially due to difficulties in the direct
numerical modeling of nonstoichiometric compositions that
require supercells with a large number of atoms. Furthermore,
analysis and interpretation of all possible configurations of
impurity atom positions is very complex. The studies of the
doped compositions areimportant not only for revealing their
novel properties but also for a deeper understanding of struc-
tural, magnetic, and spin-state transitions in LaCoQs3, not to
mention the intriguing IS state of cobalt ions in these com-
pounds.

Ba doping leads to a formation of cobalt ions having an
oxidation state of 4+ that consequentially modifies magnetic
properties of the doped cobaltite. The exchange interactions
between Co’t and Co*' ions are positive and responsible
for the formation of a long-range ferromagnetic (FM) order
in alkali-doped cobaltites [10-12]. Magnetic properties of
the compounds lightly doped with alkali-earth elements are
mainly characterized by a coexistence of both FM and anti-
ferromagnetic (AFM) phases caused by competitive positive
and negative exchange interactions formed between the cobalt
ions. In particular, Lag sBagpsC00, g7 and Lag75Bag25Co03
compounds have the same nominal ratio of Co’t / Co*t, but
different magnetic properties. It is a clear indication that ionic
size effect and structural distortions are additional factors,
which determine magnetic properties of these compounds.
Thus, samples with different structural parameters retaining
their cobalt ions in dominant 34 oxidation state are excellent
model systems. They can be used to clarify an origin of var-
ious magnetic properties depending on Co-O chemical bond
geometry, as well as the effect of external parameters such as
pressure and temperature.

Application of an external pressure is an elegant tool
for manipulating the electronic structure of materials with-
out affecting their composition. Previous studies of 2D and
3D pervoskites showed that phase transformations, band-gap
shifts, variations in electronic conductivity, piezochromism,
and half-metallicity could be induced by applying pres-
sure [33—40]. Particularly for cobaltites, an external pressure
modifies the crystal structure by changing Co-O bond length
and/or Co-O-Co bond angle, resulting in emerging novel
electronic and magnetic properties. However, there are only
a few experimental reports on the high-pressure diffrac-
tion studies of Ba-doped cobaltites. For oxygen-deficient
Laj sBag 5C00, g7 compound, application of a moderate pres-
sure up to 4.3 GPa at low temperatures resulted in suppression
of the AFM order and an increase of spontaneous magnetiza-
tion and T¢ for the FM phase [41-43]. For the sample with a
lower Ba-doping and nominal O content (Lag75Bag 25C003),
application of pressure resulted in the suppression of FM
phase with a significant reduction of the magnetic moment
at 50 K and 8 GPa down to 0.7up per Co from a value of
1.65 pp at the same temperature under ambient pressure. Such
dramatic reduction in the magnitude of magnetic moment was
explained by the pressure-induced spin-state transition from
IS to LS of the Co ions [44]. Experiments have established
that Ba-doped cobaltites exhibit a plethora of nontrivial trans-
port and magnetic properties under high pressure, which has
become the focus of our study.

We present here the results of experimental and theoret-
ical studies of the structural and magnetic phase transitions

in the Lag75Bag25C00;.9 compound having dominant cobalt
ions in 34 oxidation state as a function of applied pressure
and temperature. The magnetic structure was obtained from
neutron-scattering experiments at various temperatures and
ambient pressure. The crystal structure as a function of ap-
plied pressure of up to 16 GPa was studied using synchrotron
x-ray diffraction. In order to interpret our experimental data
and elucidate the physics underlying observed phase tran-
sitions, we performed DFT+U calculations of the parent
compound taking into account the steric effect caused by the
substantial difference of the ionic radii of La and Ba to model
the phase transitions in the nonstoichiometric composition.
Our results revealed a relation between spin-state transitions
induced by applied pressure and macroscopic magnetic prop-
erties of the Lag 75Bag 25C00, 9 compound.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

The ceramic sample of Lag 75Bag 25C00; 9 was synthesized
by conventional solid-state reaction technique as described in
Ref. [45]. The high-purity oxides La;O3, Co3O4 and carbon-
ate BaCO; were taken in stoichiometric ratio and thoroughly
mixed in a planetary mill Retsch PM100 at 300 rpm for
30 min. The preliminary annealing was performed at 1000°C
for 2 h and the obtained product was thoroughly grounded.
The final synthesis was performed at 1200°C for 8 h. The
sample was cooled from 1200°C to 300°C at a rate of
100°C per hour. The nominal chemical composition of the
sample was confirmed by Rietveld refinements of neutron
and synchrotron x-ray diffraction data at ambient condi-
tions. Neutron-diffraction measurements revealed the oxygen
content of 2.90(2).

The high-pressure x-ray diffraction measurements were
performed at the beamline IDO9A of the European Syn-
chrotron Radiation Facility. Using the membrane-type dia-
mond anvil cells, the highest pressure of 16 GPa was achieved.
The low-temperature measurements were carried out in an
He-flow cryostat at 50, 150, and 300 K using a wavelength
of 0.41 A. The measurements were done by varying pressure
at constant temperature. A MARSS55 flat panel detector was
used to collect the data.

The  neutron-diffraction experiments for  the
Lagp75Bag5C00,9 sample were performed using the
high-resolution powder diffractometer D2B at the Institute
Laue-Langevin with neutron wavelengths of 1.59 and 1.05 A,
in the dedicated cryostat from 2 to 300 K over the angular
range from 5 to 150 degrees. The reference LaCoO3 sample
was measured at 3T2 beamline at Laboratoire Léon Brillouin,
France. The data were collected at A = 1.23 A in the angular
range from 4.5 to 121 degrees at various temperatures from
2 to 1000 K. The experimental data were analyzed by the
Rietveld method using the FullProf software package.

The standard field-cooled (FC) and zero-field-cooled
(ZFC) measurements of the temperature-dependent DC mag-
netization were carried out in a field of 200 Oe using the
Physical Property Measurement System (PPMS).

The first-principles calculations were performed in the
framework of the DFT using the Vienna ab-initio simu-
lation package (VASP) [46]. Strong electronic correlations
on the 3d-states of Co ions were taken into account using
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FIG. 1. (a) Temperature-dependent ZFC and FC magnetizations for Lag 75Bag25C00, 9, measured in an applied magnetic field of 200 Oe.
(b) Field-dependent ZFC magnetization measured at 5 K. Inset: The same plot at lower fields showing the finite coercive field of about 0.4 T.
(c) Temperature-dependent resistivity measurements in zero field for Lag75Bag25C00,9 and LaCoO; samples.

the DFT+U method with Hubbard correction parameter
U = 6 eV and exchange parameter J] = 0.8 eV [8]. Two space
groups Pm3m and R3c were considered. Calculations for the
Pm3m phase were carried out for the unit cell doubled in each
direction. The full symmetry of the system, with the exception
of the magnetic subsystem, was preserved. The least-squares
approximation was used in order to construct the total energies
volume dependencies. Calculations were made in the non-
spin-polarized mode, as well as with the spin polarization with
FM and AFM long-range order.

III. RESULTS

A. Magnetization and resistivity measurements

The results of the magnetization measurements with the
PPMS system are displayed in Fig. 1. The bifurcation of
the FC and ZFC magnetizations below ~85 K directly con-
firms the presence of a FM phase in our sample [Fig. 1(a)].
Such temperature dependence is typical for small FM clus-
ters being blocked at temperatures below so-called blocking
temperature. The same phenomena of magnetic blocking
was observed for FM nanoparticles embedded into an AFM
matrix [47,48]. Below the blocking temperature there is in-
sufficient thermal energy in equilibrium to completely reverse
the magnetic moment of a nanoparticle or cluster. As the
temperature increases, thermal fluctuations induce the gradual
alignment of FM clusters along the applied magnetic field,
and the ZFC magnetization increases monotonously up to the
blocking temperature.

Figure 1(b) shows the full-magnetization loop M (H ) after
cooling from room temperature to 5 K in zero field. The
magnetization of the Lag;5Bag25C00,9 sample shows no
saturation even at the field as high as 14 T. The hysteresis loop
with a coercivity field of ~0.4 T is visible at 5 K, below the
blocking temperature. Nonsaturating magnetization and lin-
earlike loop are characteristic for the presence of a dominating
AFM phase in our sample. The finite coercive field, however,
suggests the presence of FM clusters, consistent with our FC
and ZFC magnetization measurements.

We further investigated the evidence of the AFM phase
with FM clusters by carrying out resistivity measure-
ments. Figure 1(c) compares the resistivity p for the
Lag 75Bag25C00, ¢ and reference LaCoO3; samples. The tem-
perature dependence of p is qualitatively similar for both

samples, indicative of an insulator with p rapidly increasing
on cooling. The resistivity of Lag75Bag25C00,9 sample is
significantly lower, reaching the magnitude of at least 20
times smaller compared with LaCoO3 sample at low tempera-
tures. Previous studies concluded that the insulating behavior
of p was related to the AFM phase, while the FM phase
was attributed to a conducting behavior [16,41,49]. In agree-
ment with magnetization measurements, the reduction of p in
Lag75Bag25C00, 9 is associated with a presence of a minor
FM phase in the dominant AFM phase.

B. Neutron powder diffraction

Neutron powder diffraction was used to provide indepen-
dent measurements of the crystal and magnetic structures
of our sample on atomic scale. Both Lag75Bag25C00;9
and the parent LaCoO; compounds were measured under
ambient pressure. Figure 2(a) shows the Rietveld refine-
ment of the neutron-diffraction data collected at 2 K for
Lag75Bag,5C00,9. In order to refine 2 K data, we used a
model for the crystal and magnetic structures previously re-
ported for the samples of similar composition [17,44]. This
model can account for the coexistence of FM and AFM
phases that were indicated by our magnetization and resistiv-
ity measurements. The best fit with x> = 0.838 was obtained
using two crystal (rhombohedral and cubic) and two magnetic
(AFM and FM) phases. The coexistence of FM and AFM
phases agrees with our magnetization and resistivity mea-
surements. The rhombohedral phase was described using the
space group R3¢ with ﬁap X \/Eap X Zﬁap superstructure
(a, is a primitive perovskite lattice parameter), while the
cubic phase was described using the space group Pm3m. We
note that sensitivity of our neutron data to the cubic phase
at 2 K is rather limited, because similar x> = 0.839 was
achieved when this phase was excluded from the Rietveld
refinement. However, the presence of the cubic phase was un-
ambiguously confirmed by high-resolution synchrotron x-ray
measurements (see next section) and by neutron diffraction
at room temperature; thus, for the sake of consistency, the fit
with four phases is shown in Fig. 2(a).

The AFM phase is described by using the space group
P1 with g-type AFM ordering [50] with propagation vector
k= (%%%) and six Co atoms positioned according to the
space group. The Rietveld refinements at room temperature
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FIG. 2. The Rietveld refinement of the neutron-diffraction data
for Lag75Bag.5C00,¢ measured at 2 K (a) with A = 1.59 A and
at 300 K (b) with 1 = 1.05 A. The experimental data are in open
circles, the calculated pattern is in blue, and the difference curve is
in green. The tick marks indicate Bragg peak positions for Pm3m
(gray), R3c (green), FM (blue), and AFM (red) phases. (c) The
magnetic moment of Co>* for separate AFM and FM phases as a
function of temperature.

indicated a coexistence of rhombohedral (85%) and cubic
(15%) phases [Fig. 2(b)]. The quality of refinements was
notably improved by adding a FM phase associated with Co
atoms with magnetic moments ordered along the c direction
of the rhombohedral lattice. Based on the obtained results,
the FM moment remains nearly stable in the temperature
range 5-300 K [Fig. 2(c)]. This result agrees with DC mag-
netization measurements that indicated a small amount of

FM phase [Figs. 1(a) and 1(b)] at low temperatures. Above
the blocking temperature the presence of FM clusters is not
evident from DC magnetization data, and additional x-ray
magnetic circular dichroism measurements are needed to con-
firm neutron-diffraction results. Using chemical composition
of our sample and principle of electroneutrality, we deduced
that the sample consists of 95% Co*" and 5% Co*". The
hysteresis loop with a small coercivity field is likely a result
of positive exchange interactions between Co*' and Co**
ions. A small fraction of Co*" ions is unavoidable formed
because of uncertainty in oxygen content during the sample
preparation process. The value of FM moments calculated
based on isothermal magnetization dependencies and neutron-
diffraction measurements is about 0.16(10) ug, which is close
to the accuracy of the neutron-diffraction method.

We compare the temperature dependence of the Co-O
bond length and its mean-square displacement (MSD) for
Lag75Bag 25C00;.9 and LaCoOj3 samples in Fig. 3. The results
for Lag75Bag25C00,9 indicate a regular thermal expansion
with both Co-O bond length and MSD gradually increasing
with the temperature. The situation is different for the parent
compound LaCoOs3, in which both values show first decrease
as a function of the increasing temperature up to 50 K. The
origin of this effect is described in detail in our previous
work [8].

C. Synchrotron x-ray diffraction under high pressure

The synchrotron x-ray diffraction measurements were used
to study the structural transitions in Lag75Bag5C00;9 in-
duced by applying pressure up to 16 GPa at T= 50, 150,
and 300 K. The overall quality of our data is presented in
Fig. 4. This figure shows the Rietveld refinement of the data
collected at the highest pressure of 16 GPa at 50 K. The signal-
to-background ratio is high and the background is featureless.

We started with the Rietveld refinement of the data
collected at ambient conditions using the crystal structure
obtained from the room-temperature neutron-diffraction ex-
periments. The Rietveld refinement confirmed the coexistence
of two phases. In agreement with our neutron-diffraction
experiments, we found that the major rhombohedral phase
(80%) is described by the space group R3c and the second
minor phase (20%) is cubic with the space group Pm3m.
When pressure is applied, the unit-cell volume of both phases
is gradually decreasing [Figs. 5(a) and 5(b)]. A dip in the
cell volume is observed at around 7-10 GPa for both phases
at 50 K. The Co-O bond length shows qualitatively similar
pressure dependence, with a dip in the same pressure range
[Figs. 5(c) and 5(d)].

Figure 6 depicts the temperature and pressure dependence
of the cubic phase fraction. The cubic phase fraction is gradu-
ally increasing at all temperatures. The cubic phase fraction at
300 K reaches a maximum value of 70% at the highest applied
pressure of 16 GPa.

D. Electronic structure calculations

Our diffraction measurements confirmed that R3c is the
main phase of Lag75Bap25C00,9 at 2 K and ambient pres-
sure. DFT+U calculations were carried out in order to

144107-4



PRESSURE-INDUCED STRUCTURAL AND MAGNETIC ...

PHYSICAL REVIEW B 104, 144107 (2021)

1.940 T T
B La,75Ba;,:C00,, (a )
< ® LaCoO,
£ 4 "
) 935 | PO
5]
= [
z o
o n n L [} .
o L J
3 1.930 ° ([ ]
O [ ]
[ ]
Q.'O.
1.925 L L L L
0 100 200 300

Temperature (K)

0.035 — : : .
u
%’: 0.030 | P
e} [ ]
DS o
2 .
0025 ® ° 1
2 = " e
° el
g% ©
0020 L 1 L L
0 100 200 300

Temperature (K)

FIG. 3. The temperature dependence of (a) Co-O bond length and (b) MSD of Co-O bond, both obtained from the Rietveld refinement of
the neutron powder diffraction data for Lag 75Bag 25C00,¢ and LaCoO; samples.

investigate pressure-induced structural and magnetic phase
transitions at 0 K and compare them with the parent com-
pound. The oxygen deficiency does not significantly affect
the structural stability of the La;_,Ba,CoOs_;s system with
randomly distributed Ba cations at x > 0.35 [17,32,51-53].
Therefore, we consider the key factor responsible for the
structural transition from rhombohedral to cubic phase under
pressure to be a steric effect caused by a change in the effec-
tive ionic radius of the La and Ba cations.

The unit-cell volume per atom for R3¢ and Pm3m struc-
tures in the doped sample is increased by 0.1453 A3/atom
at 0 GPa compared with the parent compound LaCoO3. The
difference is further increased to 0.268 A3/atom, when the
external pressure of 16 GPa is applied. This effect was approx-
imated by the shift of the energy per volume dependencies
for these phases relative to each other by the corresponding
difference in the volumes, and it was taken into account in
our DFT+U calculations for the parent compound LaCoOs.
Figure 7(a) shows a structural transition from the R3¢ to the
Pm3m phase near 10.6 A3/atom. When pressure increases
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FIG. 4. The Rietveld refinement of the synchrotron x-ray diffrac-
tion data for Lag 75Bag,5C00, ¢ measured at 50 K and 16 GPa, with
experimental data in open circles, the calculated pattern in blue, and
the difference curve in green. The tick marks indicate Bragg peak
positions for R3¢ (black) and Pm3m (red) phases.

further, the magnetic phase transition from AFM to FM
order within Pm3m symmetry occurs at about 10.3 A3 /atom,
corresponding to 16 GPa. The AFM-FM phase transition
becomes evident once the differences in the total energies
between Pm3m (AFM, FM) and R3¢ (AFM) are calculated
as a function of the unit-cell volume [Fig. 7(b)]. This result
further reinforces our conclusion that application of pressure
to Lag 75Bag25C00, 9 sample leads to the structural transition
from the rhombohedral (R3c) to the cubic (Pm3m) phase with
stabilization of FM order. Moreover, according to our calcu-
lations, further compression leads to the nonmagnetic (NM)
state of the entire system with the unit-cell volume per atom
below 9.26 A3 /atom (above 45 GPa).

In order to understand the origin of phase transitions in our
sample induced by pressure, we investigated the accompany-
ing spin-state transitions. This was done by calculating density
of states (DOS) of three distinctive magnetic configurations
induced by pressure. We started with the DOS calculations
for the NM phase that appeared when unit-cell volume is
compressed below 9.26 A /atom, roughly corresponding to
applied pressure of 45 GPa [see Fig. 7(b)]. Figures 8(a)
and 8(b) show total and partial DOS calculated at V =
8.96 A3 /atom for NM. According to our calculations NM is in
insulating ground state characterized by a 0.8 eV gap between
fully occupied t, and half-filled e, sublevels. The DOS of
the AFM phase with V = 11.51 A3/atom revealed the gap of
about 1.16 eV [Figs. 8(c) and 8(d)]. This solution corresponds
to the HS state configuration of Co ions with the magnetic
moments about 3.1 yp. The IS state at V = 11.18 A3/atom
in the FM phase turns out to be metallic [Figs. 8(e) and 8(f)],
i.e., weak band splitting prevents formation of the energy gap
for the IS state with cobalt ions having magnetic moments
of about 2.1 wup. These results are in qualitative agreement
with the DOS characteristics of HS, LS, and IS spin-states in
the parent compound LaCoOs, previously reported by Korotin
etal. [9].

IV. DISCUSSION

Before we begin our discussion of the physical origin of
spin-state transitions under high pressure, we will summarize
the structural and magnetic properties of Lag75Bag25C00;.9
at ambient pressure. The magnetization and resistivity mea-
surements imply that below 85 K, the magnetic state of
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our sample is best described as a mixture of AFM and FM
phases. The FM phase is presumably in the form of small
clusters with a strong magnetic anisotropy characteristic for
FM nanoparticles. This result was independently confirmed
by the neutron-diffraction measurements that established the
presence of both AFM and FM phases in our sample at low
temperatures. Moreover, a much lower magnetic moment of
Co’" ions in the FM phase as compared with the AFM phase
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FIG. 6. The volume of the cubic phase fraction as a function of
applied pressure at various temperatures.

is a clear indication that the FM phase is minor. For the
doped cobaltites, the presence of small FM clusters embedded
into the AFM matrix was also experimentally confirmed by
magnetization measurements, small-angle neutron scattering,
electron microscopy, and nuclear magnetic resonance stud-
ies [54,55]. The FM clusters are presumably formed by the
FM double-exchange between Co* and Co** ions. Interest-
ingly, samples with full oxygen content Lag gBay,CoO3 and
Lag7Bag3C003 showed the long-range FM order with a large
coercive field and saturating M (H) [12]. We must conclude
that the oxygen deficiency stabilizes AFM order in our sam-
ple, which is due to superexchange interactions between Co’*
and Co** and/or Co*t and Co** [56].

At room temperature and ambient pressure, the crystal
structure of our sample is a mixture of dominant rhom-
bohedral (R3c) and cubic (Pm3m) crystal structures. When
pressure is applied at low temperature, the rhombohedral
structure is gradually transforming into the cubic one. At
the lowest temperature of 50 K and the highest pressure of
16 GPa accessible in our x-ray diffraction experiment, the
rhombohedral phase dominates until the cubic phase reaches
about 50% of the sample volume.

We have extended the studies of applied pressure on the
crystal structure transitions by carrying out electronic struc-
ture calculations. These calculations not only allowed us to
predict the structural behavior of our sample at pressures ex-
ceeding the experimental ones but also allowed us to identify
the magnetic order and the spin-state of Co ions in each
phase. The studies of the total energy of various magnetic
configurations as a function of the unit-cell volume revealed
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that the structural transition from rhombohedral to cubic phase
at applied pressure of about 10 GPa (V = 10.6 A3/atom)
preserves AFM order of the sample. After the pressure of
16 GPa (V = 10.3 A% /atom) is applied, an AFM to FM order
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transition takes place within the same cubic crystal structure
(Pm3m). With further increase of pressure the sample remains
cubic; however, at about 45 GPa (V = 9.26 A3 /atom), the
magnetic order is completely suppressed.
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11.51 A3 /atom (HS state), and for (e), (f) Pm3m (FM) at V = 10.18 A3 /atom (IS state). Zero energy corresponds to the Fermi energy. Positive
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144107-7



M. FEYGENSON et al.

PHYSICAL REVIEW B 104, 144107 (2021)

We continue our discussion by attributing the spin-states
of Co ions in different magnetic phases and consequentially
describing the spin-state transitions induced by applied pres-
sure. Our DOS calculations of LS, IS, and HS states show that
only the IS state is metallic due to the spin-orbital ordering.
Despite very different ionic radius of LS and HS states, they
are nonconducting and might be ascribed to AFM or NM
ordering. The NM solution at high pressure is characterized
by the presence of a small energy gap between the tp, and
the e, sublevels arising from splitting by a strong crystal field.
In addition, the presence of a gap may be associated with a
slight overestimation of the localization degree of electrons
in a partially filled cobalt d-shell, which is an artifact of the
DFT+U method. The Co-O bond length and its MSD both
show monotonous increase with temperature, which in con-
trast to the temperature dependence of the same parameters for
the parent LaCoO3 compound. In our previous work [8], we
showed that in this sample the sudden increase of Co-O bond
length and MSD below 50 K was due to the mixture of HS and
LS states. Therefore, for the Lag 75Bag 25C00, ¢ sample at low
temperatures the majority of Co ions are in a HS state with
a minor inclusion of conducting IS states responsible for the
formation of FM clusters evident from magnetization, resistiv-
ity, and neutron-diffraction measurements. We now take this
HS-dominated AFM state of Lag75Bag,5C00,9 at 2 K and
ambient pressure and discuss how the spin-states are changing
with applied pressure and increased temperature.

At relatively low pressures (V > 10.83 A3/atom), all
cobalt ions are always in the HS state with the magnitude
of the magnetic moment per cobalt atom near 3.1 pp. Our
calculations show that at V = 10.83 A3/atom, only half of
Co ions have HS configuration, while the other half are in
an IS state. When the system is further compressed below
V =10.83 A3 /atom, HS states transform into IS states, leav-
ing only one of eight of Co ions in a HS state. Finally, the
first structural transition from R3¢ (AFM) to Pm3m (AFM)
occurs near V = 10.6 A3/atom. With further increase of the
pressure, the magnetic transition from AFM to FM in Pm3m is
taking place at about V = 10.3 A3/atom. In the interval V =
10.3 — 9.26 A3 /atom, all Co ions are in an IS state and system
has a tendency toward orbital ordering, which stabilizes the
FM phase [9]. Increasing pressure leads to the emerging of the
LS states at some of the Co sites. The change of the spin-state
of Co ions is not happening simultaneously; thus different ions
exist in different states at the same pressure, i.e., a mixture
of IS and LS states begins to form. As pressure continues
to increase, the concentration of the LS states is increasing,
ultimately leading to the NM state below V = 9.25 A3/atom
(45 GPa). Our picture of magnetic and spin-state transitions
agrees well with experimental studies of the cubic cobaltites
with a barium concentration of 0.5, 0.55, and 0.6 [17,57,58],
which showed that the FM ordering corresponds to an
IS/LS mixture, while the AFM one corresponds to a HS/LS
mixture.

It is worth noting that the transition to the NM state in
Lag75Bag 25C00; 9 is slowed down as compared with the par-
ent compound LaCoOj; due to nonstoichiometry and oxygen
deficiency, both contributing to the chemical inhomogeneities
in Lag75Bag25C00,9 [17,57-59]. In particular, the oxygen
deficiency contributes to the appearance of additional holes.

The localization of these holes makes the magnetic moment-
bearing states more energetically favorable and hence the
transition to the NM state occurs at higher pressure as com-
pared with LaCoOs.

V. CONCLUSIONS

The possibility of engineering new materials by doping
LaCoOs cobaltite is rather appealing, despite some struc-
tural and magnetic properties of the parent compound that
are still under debate. Relating macroscopic magnetic prop-
erties to the spin-state transitions on atomic scale is not
straightforward and requires a combined approach of ex-
perimental and calculational methods. Such approach was
applied to study magnetic and structural phase transitions of
Lag 75Bag25C00, 9 compound under pressure. Application of
pressure provides an additional parameter for manipulation of
Lag75Bag25C00;9 properties and opens novel opportunities
for designing materials of the future.

Using neutron and x-ray scattering diffraction meth-
ods, we establish that at 50 K and at ambient pressure,
Lag75Bag25C00;9 is a mixture of 73% rhombohedral phase
with the space group R3¢ and 27% cubic phase with the space
group Pm3m. The rhombohedral phase is AFM with all spins
in a HS state. The cubic phase is a mixture of a dominant
AFM phase with HS states and FM clusters, which appear
from thermally induced IS states. Because the Co ionic radii
in HS and IS states are different (0.61 and 0.54 10%), the cubic
phase is easier to compress than the rhombohedral phase,
which is fully populated with HS states with the same ionic
radius. With application of pressure, the rhombohedral phase
transforms into the cubic one. A relatively sharp rhombo-
hedral to cubic phase transition is clearly visible from the
experimental data at 50 K at about 10 GPa. This transition
occurs at lower pressures with an increase of the temperature.
The DFT4U calculations were used to study magnetic and
structural transitions at O K as a function of applied pressure.
In agreement with our experimental results, the structural
transition from rhombohedral to cubic phase was found at
about 10 GPa, while long-range AFM order has been retained.
No further structural transitions from the cubic phase were
evident with increase of the pressure; however, AFM to FM
phase transition was observed at 16 GPa. This indicates the
gradual change from nonconducting HS states into IS states,
responsible for development of FM order in the pressure
range between 16 and 45 GPa. Above 45 GP, the magnetic
order is completely suppressed, indicative of all ions in a
LS state. Our model of pressure-induced spin-state transitions
in Lag75sBag25C00;.9 compound will benefit from additional
neutron-scattering measurements at pressures above 16 GPa.
These measurements will be pursued at existing [60] and
future [61] spallation neutron sources.
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