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We have observed that the Rh substitution for Co in LaCoysRhy50; leads to the spectral feature at the
Co-L, 5 absorption edge taken at 300 K similar to that in LaCoOs3 taken at 650 K, in which the spin state of
magnetic Co*™ ions has been controversially discussed in the past decades and can be easily clarified by studying
LaCog sRhy 5035 without worrying about oxygen loss induced at high temperature. Our combined experimental
and theoretical x-ray absorption spectroscopy (XAS) at the Co-L, 3 and the experimental Rh-L, ; edges indicated
a nearly 1:1 mixture of high-spin (HS) and low-spin (LS) Co®*(3d°) and a LS Rh**(4d°) in contrast to the
Co** /Rh** state found in CazCoRhOg at room temperature. Upon cooling only a small portion of the HS Co**
ions was converted to a LS state until 10 K in LaCog sRhy505. The Co-Kf x-ray emission spectra revealed a
gradual spin-state transition from a mixed LS/HS at ambient pressure to a complete LS state of Co** ions up to 14
GPa. The theoretical and experimental intensity ratio /(L3 )/1(L,) on the Co-L, 3 edges and a comparison between
the difference spectrum of K x-ray emission of LaCoj sRhy 503 taken at ambient pressure (AP) and 14 GPa and
that of Sr,CoRuQg taken at AP and 39.6 GPa exclude the intermediate spin state of Co>* in LaCoy5Rhg5053.
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I. INTRODUCTION

Among the transition metal ions, cobalt is intriguing since
it possesses not only charge degree of freedom, but also spin-
state degree of freedom [1,2]. For example, three spin states
are possible for cobalt ions: a high-spin (HS) state (S = 2),
a low-spin (LS) state (S =0), and even an intermediate-
spin (IS) state (S = 1) for Co** ions [1,3,4] and HS state
(8§ =5/2), LS state (S =1/2), and IS state (S = 3/2) for
Co** ions [5-7]. The large diversity of physical phenom-
ena displayed, including metal-insulating transitions [8—10],
superconductivity [11], large magnetoresistance [12], high
thermoelectric power [13], and high-performance catalysts
for energy storage applications [14,15] is closely related to
both charge and spin degrees of freedom of cobalt ions. A
well-known example is LaCoOj3, where the Co*t ions have a
nonmagnetic LS ground state and undergo a gradual transition
with increasing temperature to magnetic ions accompanying
the metal-insulator transition [16—18]. The nature of the spin
state (IS or HS) of the magnetic ions, however, was heavily
disputed in the literature for many decades and is still a vivid
topic now [19-22]. In fact, the LS is the ground state for
Co®* jons with an octahedral coordination in whole RCoO;
(R = rare earth) system; the magnetic ions can only be ther-
mally populated.

Recently, hybrid solid-state oxides between a 3d and 4d
(5d) transition metal (TM) with unpaired electrons have
raised increasing interest in the scientific community be-
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cause of very high ordering temperature [23] and the unusual
spin state of TM ions [24-28]. The HS ground state of
Co** ions with octahedral coordination was stabilized in a
three-dimensional double perovskite structure A;BB'Og such
as Sr,CoRuOg, Sr,ColrOg, and in layered AzBo.536.504 per-
ovskites like Sr,CogslrgsO4 [24-28]. It was observed that
the valence state of Co ions in RCo03(Ca3;Co0,0¢) and
SrCoO5(Sr,Co0y4) would decrease from 3+ to 2+ and from
4+ to 3+, respectively, if 50% of the Co ions were replaced
by 4d (5d) TM ions which have a 4+ state in RCoRuOg
and Ca3zCoRhQOg, and a 5+ state in Sr,CoRuQg, Sr,ColrOg,
and Sr,CoqslrgsO4 due to the charge balance requirement
[24-27,29]. However, the valence state and the spin state of
Co ions [30-36] as well as the magnetic properties [37,38]
were controversially discussed in the case of Rh substitution
for Co ions in LaCo;_xRh,O3.

In this work, the charge and spin states of Co(Rh) were
studied using soft x-ray absorption at the Co(Rh)-L;, 3 edge
and the spin-state transition of Co ions under high pressure
was explored using the Co-Kf x-ray emission spectra of
LaCog 5Rhy 5035 (LCRO). We have observed that the Rh sub-
stitution for Co in LaCog sRhg 503 leads to a large percentage
of HS Co ions below room temperature, while in the undoped
LaCo0O3, ~50% of the HS Co ions are thermally populated at
650 K. Therefore it takes major advantage of the study of the
spin state of magnetic Co** ions in LaCog sRhg 503 without
worrying about oxygen loss at high temperature.

II. EXPERIMENT

The polycrystalline samples of LaCog sRhy sO3; were syn-
thesized by solid-state reaction [38]. The phase purity was
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TABLE I. Structural parameters of LaCojsRhg sO3 at 300 K determined from powder neutron diffraction [38] and LaCoOj3 at 300 K from

powder x-ray scattering [39].

LaC00A5Rh0,5O3 at 300 K

LaCoOs3 at 300 K

Space group Pbnm 2/a

a, b, ¢ (A) 5.5334(1), 5.53113(9), 7.8168(2) 5.3682(3), 5.4326(4), 7.6386(5)
a B,y 90, 90, 90 90, 90.9818(7), 90
V(A 239.240(8) 222.73(3)

La 4c 4e

X9,z 0.5092(8), 0.4632(4), 0.25 0.25,0.24911(1), 0
B(A%) 0.77(8) 0.18(2)

Co, Rh 4b 4c

v,z 0.5, 0.0, 0.0 0.75, 0.25, 0.25

B(AY) 0.54(9) 0.39 (3)

01 4c 4e

X2 0.418(1), 0.0088(7), 0.25 0.25,-0.2997(2), 0
B(AY) 0.9(1) 0.52(3)

02 8d 8f

X092 0.7926(9), 0.217(1), 0.0379(5) 0.0213 (1), 0.0360(1), 0.2287(2)
B(AY) 1.36(9) 0.65 (3)

(Co, Rh)-0 (A) x 6

2.006(1) x 2, 1.962(5) x 2,2.038(5) x 2

1.9854(8) x 2, 1.9287(2) x 2, 1.9726(7) x 2

confirmed by both x-ray diffraction (XRD) and powder
neutron diffraction (PND). The ac susceptibility measure-
ments showed that the freezing temperature (7y) shifts to
higher temperatures with increasing frequency, indicating the
Co/Rh disorder and a spin-glass magnetic property [38]. The
Co-L, 3 x-ray absorption spectroscopy (XAS) measurements
were recorded at the BL11A beamline of the National Syn-
chrotron Radiation Research Center (NSRRC) in Taiwan.
Clean sample surfaces were obtained by cleaving pelletized
samples in situ in an ultrahigh-vacuum chamber with a pres-
sure in the 1071 mbar range. The Co-L, 3 XAS spectra were
collected using the surface sensitive total electron yield mode
(TEY) with an energy resolution of about 0.25 eV, and the
extended x-ray absorption fine structure (EXAFS) at the Co-K
edge was performed at the BL17C1 beamline of NSRRC by
using the transmission mode. The Rh-L; XAS spectra were
measured at BL16A beamline of NSRRC using the bulk sen-
sitive fluorescence yield mode and the Rh-L; 3 x-ray magnetic
circular dichroism (XMCD) spectrum was measured at the
BL29 Boreas beamline of the ALBA Synchrotron Facility in
Spain. The XMCD spectrum was measured at 80 K and in a
magnetic field of 6 T with a degree of circular polarization
of 70%. The Co-Kp x-ray emission spectra were obtained
at the Taiwan inelastic x-ray scattering BL12XU beamline
at SPring-8 in Japan. A Mao-Bell diamond anvil cell with a
Be gasket was used for the high-pressure experiment. Silicon
oil was served as a medium to transmit pressure. The applied
pressure in the diamond anvil cell was measured through the
Raman line shift of ruby luminescence before and after each
spectral collection. The Co-Kf x-ray emission spectra were
collected at 90° from the incident x ray and analyzed with a
spectrometer (Johann type) equipped with a spherically bent
Ge(444) crystal (radius 1 m) arranged on a horizontal plane in
a Rowland-circle geometry.

III. RESULTS AND DISCUSSION

A. Crystal structure of LCRO

The powder neutron diffraction pattern of LCRO [38] was
refined by the Rietveld method using the FULLPROF software
package. The obtained structure data are presented in Table I
together with structure data of LaCoO3 for comparison [39].
The crystal structure can be described by the orthorhombic
space group Pbnm. The very weak (1 0 1) Bragg peak indi-
cates that the Co and Rh ions are randomly distributed in the
sample.

It was found previously that the lattice constants for the
Rh content x = 0.4, 0.5, and 0.6 along three crystallographic
directions all increase with increasing Rh content x [38] due
to the larger Rh3* ionic radius [40]. Our results are consistent
with previous studies [31,37]. Especially, the crossover of a
and b lattice parameters can also be observed at x = 0.5. We
expect that the large cell volume of LCRO as compared with
that of LaCoQOj3 shown in Table I would lead to a large Co-O
bond length, and in turn a weak crystal field interaction as is
known in Sr,ColrOg [24] and Sr,CoRuQOg [25]. Therefore at
room temperature there would be a relatively large content of
magnetic Co** ions in LCRO. Radaelli and Cheong have stud-
ied the detailed Co-O bond length in LaCoO3 as a function of
temperature from 5 up to 1000 K by means of high-resolution
neutron powder diffraction and discussed the relation between
the Co®* spin state and the Co-O bond length [41]. In order
to determine the real Co-O bond length in LCRO at room
temperature, here we have measured the element-selective
Co-K EXAFS, which is the most useful experimental method
considering the Co/Rh-disorder in LCRO.

The Co-K EXAFS data were analyzed by using the IFEFFIT
program. The average Co-O distance in LCRO is 1.953(6) A
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FIG. 1. Experimental (black circles) and simulated (red line)
Fourier transforms of the k>-weighted Co-K EXAFS data. Only the
Co-O distances of the first coordination sphere were simulated.

obtained from the Fourier transforms of the k>-weighted Co-K
EXAFS data as shown in Fig. 1. This value is larger than the
Co-0 distance of 1.934 52(6) Ain LaCoOj3 at 300 K obtained
from neutron diffraction [41], and larger than those of 1.925 A
[42], 1.932(1) A [43], and 1.934 A [44] obtained from Co-K
EXAFS, but it is rather close to that of 1.95279(7) A in
LaCoO; at 750 K [41]. In another disordered hybrid Co/Ir
oxide, a much larger average Co-O distance of 1.967 A was
obtained from the Co-K EXAFS data giving rise to a pure
HS Co** state [45]. The spin state of the magnetic Co®* can
be quite reliably determined by spectroscopic techniques. In
case of LaCoO; about 20% of the HS Co** ions at room
temperature was found previously [4]. From this consideration
we performed more detailed spectroscopic studies on LCRO.

B. Experimental Co-L, 3 XAS spectra

Considering Co?*/Rh** and Co’*/Ir’* distribution
in hybrid solid-state oxides Caz;CoRhOg [29] and in
S1,Cog 5Irg 504 [26,27], respectively, and the possible con-
version of Co’*/Rh** to Co?>*/Rh** suggested in [31], as
well as mixed HS/IS in LaCo;_,Rh O3 [33], we first ex-
plore the detailed valence state and spin state of Co ions
using the Co-L, 3 XAS, although most works suggested Co**
with mixed LS/HS spin state and LS Rh** state distribution
[32-35].

Figure 2 shows the Co-L, 3 XAS spectra of (a) LCRO taken
at 300 K (red line) and 15 K (black line), (¢) Li,Co,04 (LCO,
blue line) as a LS Co®* [46], Sr,CoRuOg (SCRO, green line)
as a HS Co** [25], and (d) CoO as a Co** reference. The
spectral weight center of the L; white line shifts to higher
energies as the valence of the cobalt ion increases: from
Co** reference CoO to Co** reference LCO and SCRO. This
reflects that x-ray absorption spectra at the transition-metal L
edge are highly sensitive to the valence state [25,29,47]. The
“center of gravity” of the L3 white line of LCRO lies about 2
eV higher in energy than that of CoO and at the same energy
as those of Co** references LCO and SCRO indicating a Co**
state.

Here we want to emphasize that the Co-L; edge is ex-
tremely sensitive to Co>* content [25,48] as compared with

SCRO+LCO

Intensity
E
__—

SCRO
—LCRO 300K
—LCRO 15K
(c) _—LCO
(d)
CoO
T T T T T T
776 784 792 800

Photon Energy (eV)

FIG. 2. The Co-L,3 absorption spectra of (a) LCRO taken at
300 K (red line) and 15 K (black line), (b) 1:1 sum of LCO and
SCRO, (c) LCO (blue line) as a LS Co**, SCRO (green line) as a HS
Co’*, and (d) CoO (cyan line) as a HS Co?* reference.

the Co-L, edge, since a sharp lowest-energy peak at 777.8 eV
from the Co®* ion is located outside the spectral features of
Co’* at the Co-L; edge, and it is a fingerprint of HS Co®* with
an octahedral local symmetry [25,48], while the Co-L, edge
of Co?* exhibits a broad and structure-loss spectral feature as
shown in the bottom of Fig. 2. It was found previously that
the sizable spectral intensity of the Co®* state was observed
in electron-doped Lag 7Ce(3C00; at the Co-L3 edge, but the
Co?t signal could not be detected at the Co-L, edge; therefore
the Co-L, is not sensitive to Co>* content and the possible
partial conversion of Co’*/Rh** to Co?*/Rh** cannot be
excluded from the Co-L; spectrum [32]. The lack of a spectral
feature at 777.8 eV (see vertical dashed line) clearly indicates
the absence of a Co>* impurity, in other words a pure Co>*
state in our LCRO sample. In Fig. 2(c) we also present the
LCRO spectrum taken at 300 K (red line) and 15 K (black
line) for comparison. One can clearly see that the LCRO
spectrum looks like a mixture of the LCO spectrum and the
SCRO spectrum. As shown in Fig. 2(b), the spectrum (ma-
genta line) obtained from a 1:1 mixture of the LCO spectrum
and the SCRO spectrum is very similar to the LCRO spectrum
taken at 300 K. This is different from LaCoO5; with a LS
ground state below 20 K [4], a 1:1 mixture of LS and HS
Co’* ions was found above 650 K [4]. Considering that soft
x-ray spectroscopic measurements such as the Co-L, 3 XAS
and XPS are performed under ultrahigh-vacuum condition,
heating the sample might lead to the oxygen loss at the sample
surface. Therefore, the result of the spin state of magnetic
Co** ions obtained from the experimental methods in LCRO
is very reliable as compared with that in LaCoOs.

C. Theoretical simulation on the Co-L, 3 XAS spectra

Having ascertained the pure Co** valence state in LCRO,
we now focus on the determination of the spin state of
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Co*t jons in LCRO. In this context, it is important to note
that the multiplet structure of the x-ray absorption spectrum
depends strongly on the valence, the orbital, and the spin
states. Despite having the same Co’* valence, the line shapes
at both Co-L; and -L, edges are very different between LS
Co** LCO and HS Co** SCRO in Fig. 2(c). Hence, the
spectral line shape at both the Co-L; and -L, edges can be
used as a fingerprint to determine the spin state. Although the
Co-L, edge is also sensitive to the spin state of the Co** ion,
to understand the magnetic property and obtain an accurate
number of populated HS Co’* ions, one has to study both
the Co-L3 and Co-L, edges for guaranteeing that the magnetic
ions are only from HS Co’* ions, but not Co?* impurity.

In order to obtain the precise HS Co** content, we per-
formed a quantitative analysis of the Co-L, 3 spectra by using
the well-proven configuration-interaction cluster model that
includes the full atomic multiplet interaction, and the crystal
field interaction, as well as the hybridization between the
Co 3d and oxygen 2p according to Harrison’s prescription
[25-27]. The calculations were performed using the XTLS
code [49]. In the calculation, we have considered three
configurations for the wave function in the ground state:
W, = a|3d®) + BI3d’L) + y|3d3L?)(where L stands for lig-
and hole). The charge-transfer energy is given by E(d’L) —
E(d®) =2eV, pdo =1.7eV, the d-d Coulomb repulsion
Usq = 5.5eV, and the 2p-3d Coulomb interaction by U,y =
7.0eV; the Slater integrals have been reduced to 80% of
their Hartree-Fock value; the ionic part of the crystal field
10Dgionic = 0.5eV for HS and 10Dgjonic = 0.8eV for LS.
The theoretical spectra were broadened with Lorentzian
broadening of 0.5 eV for core hole lifetime [50-52] con-
voluted with Gaussian broadening of 0.4 eV for the band
formation [21,53] considering sharp multiplet lines of 3d
transition metal cations without any band effects [54]. The
result was convoluted with 0.3 eV of Gaussian broadening for
monochromator resolution at 780 eV.

Our theoretical spectra with 0.5:0.5 and 0.7:0.3 LS to HS
ratio plotted in Fig. 3(b) nicely reproduce all features of the
experimental Co-L, 3 XAS spectra of LCRO taken at 300
and 15 K in Fig. 3(a), respectively, further demonstrating the
mixed LS-HS Co®* ground state in this system. In Figs. 3(c)
and 3(d), we also present calculated IS(1) (d,>_,2d,y) and IS(2)

(d.d,y) spectra, respectively. Here, the underline denotes a

hole and z? is an abbreviation of 3z%-7%. One can see clearly
that both IS spectra are very different from experimental
LCRO spectra especially at the Co-L, edge, where theoretical
line shapes of the IS state cannot be reproduced by the sum of
LS and HS as shown in Fig. 3(e).

Another important point is that IS(1) and IS(2) spectra
have I(L3)/I(L,) ratios of 2.17 and 2.20, respectively, which
are much smaller than 2.42(2.5) for LS and 3.54(3.64) for
HS in calculated (experimental) spectra and therefore smaller
than the experimental spectrum of LCRO at 300 K and 2.98
calculated for 1:1 mixed LS Co** and HS Co**.

Therefore, the mixed LS-HS in our theory can well re-
produce experimental LCRO spectra at 15 and 300 K, while
the calculated IS spectra have a different line shape from the
experimental spectra of LCRO and have 1(L3)/I(L,) ratios
much smaller than those of the experimental spectra of LCRO.

Intensity

\ SCRO
\ ——LCO
@) \» =

T T T T T T
776 784 792 800
Photon Energy (eV)

FIG. 3. The Co-L, 3 absorption spectra of (a) LCRO taken at
300 K (red line) and 15 K (black line), (b) the theoretical 0.5:0.5 (red
dotted line) and 0.7: 0.3 (black dotted line) ratio of LS:HS spectra,
(c) theoretical IS(1) (dxz,yzdxy) (black line) and (d) IS(2) (dd,y)
spectra (black line), and (e) LCO (blue line) as a LS-Co** reference
and SCRO (green line) as a HS-Co®* reference.

The IS Co’* is the Jahn-Teller ion and is expected to be
stabilized under the following condition: a strong tetragonal
distortion together with a very short in-plane Co-O distance
[26,28]. Band formation has been proposed to possibly pro-
vide another route for the stabilization of IS Co**t [55,56].
Although the IS is about 200 [4] to 400 meV [57] above the
HS in RCoOj; systems, both HS and IS have a band dispersion
about 400 meV [21] therefore one cannot exclude a possible
mixing between IS and HS.

D. Experimental Rh-L; XAS spectra

Having determined a Co®* with a mixed spin state in
LCRO, we turn to the Rh-L3 edge to further confirm the Rh3*
state as expected for charge balance requirement, while the
spin state of Rh** ions is generally expected to be in a LS
state for LaCog sRhg 505 [31,36-38,58].

Figure 4 shows the XAS spectra at the Rh-L; edge of
LCRO (blue line) and CazCoRhOg (red line) as a Rh** refer-
ence [30]. The Rh-L; spectrum shows a single symmetry peak
at the Rh-L3 edge of LCRO, while an additional low-energy
shoulder is observed for CazCoRhOg. The peak position in
the LCRO spectrum is shifted by 1.5 eV to lower energies
compared to that of the CazCoRhOg indicating that the Rh
valence state decreases from Rh** in the latter to Rh** in
the former fulfilling the charge balance requirement for the
Co** /Rh** valence state [29].

Furthermore, the single-peaked spectral structure for
LCRO indicates LS Rh®" (4d°) with completely filled 7,
orbitals, i.e., only the transitions from the 2p core levels to
the e, are possible. The lower-energy shoulder at the Rh-L3
edge of CazCoRhOg can be attributed to transitions from the

075110-4



VALENCE-STATE AND SPIN-STATE TRANSITION OF Co ...

PHYSICAL REVIEW B 99, 075110 (2019)

——LaCo, Rh, O

053

—— Ca,CoRhO

Intensity (arb. units)

2nd derivitive

1 1 1 1
3005 3010 3015 3020
Photon Energy (eV)

FIG. 4. Rh-L; XAS spectra of LCRO (blue line) together with
Ca3CoRhOg (red line) as a Rh** reference. The green line below the
experimental data is the second derivative of LCRO.

2p core levels to the 1, state, reflecting a 4d° configuration
with one hole at the #,, state. An undetected shoulder spectral
feature in the second derivative spectrum [59] (green line)
of LCRO clearly indicates that Rh is a nonmagnetic ion
(S = 0); e.g., only Co ions contribute magnetism, since the
tye-related spectral feature would be observed for IS(#3,¢,) and

HS(13,e;) Rh** jons. To further confirm the LS Rh** state,
we have measured the Rh-L, 3 XMCD spectrum of LCRO
which is presented in Fig. 5. The x-ray absorption spectra
were measured with circularly polarized light with the photon
spin parallel o* (black line) and antiparallel o~ (red line)
aligned to the magnetic field. The difference spectrum, called
XMCD (blue line), in Fig. 5 has no signal at both Rh-L, and
Rh-L; edges supporting the LS (S = 0) state for Rh** ions in
LCRO.

The mixed spin state of Co** means that the subtle balance
between Hund’s rule exchange interaction and crystal field
interaction reaches a situation where LS and HS are nearly
degenerated in LCRO even at room temperature. We expect
that the mixed spin state Co®* ion in LCRO can be easily
converted to a pure LS state under external pressure as com-

Intensity (arb. units)

2950 3000 3050 3100 3150 3200
Photon Energy (eV)

FIG. 5. The Rh-L, 3 XMCD spectra of LCRO. The black and red
lines represent the absorption spectra with photon spin parallel o+
and antiparallel o~ aligned to the magnetic field, respectively. The
blue line represents the XMCD.

KB emission

| ——LCRO-10K
—— LCRO-300K
| Li,C0,0,

| ——SCRO

7630 7640 7650
Emission Energy (eV)

Intensity (normalized)

! . L . L
7624 7632 7640 7648 7656 7664
Emission Energy (eV)

FIG. 6. The Co-Kp x-ray emission spectra (XES) of LCRO taken
at 10 K (black line) and 300 K (red line) together with Li,Co,0Oy4
(green line) as a LS Co®* reference and SCRO (blue line) as a HS
Co** reference. The inset shows the theoretical Co-KB XES spectra
of HS (cyan line), LS (olive line), IS(1) (d\2_,2d,,) (magenta dashed
line), and IS(2) (d.2d,,) (purple dashed line) Co®*.

pared with the pure HS Co** ground state in SCRO [25] and
Sr2C00.5II‘0_504 (SCIO) [28]

E. Pressure-induced spin-state transition of Co**

To investigate whether the mixed HS-LS state in LCRO
can be converted to a pure LS state upon applying pressure,
we utilized the Co-K S x-ray emission spectrum, which is well
known to be sensitive to quantum number of the spin [25,28].

Figure 6 shows the Co-Kf x-ray emission spectra (XES)
of LCRO taken at 10 and 300 K together with those of SCRO
as a HS Co’* reference and LCO as a LS Co’* reference for
comparison. The Co-Kf emission spectrum represents a main
peak located at ~7650 eV corresponding to the KfS; 3 line
and a pronounced satellite peak at ~7637 eV corresponding
to the KB’ line. The intensity ratio of the low-energy KB’ line
to the main emission K B, 3 line is proportional to the number
of unpaired electrons in the incomplete 3d shell [60] and can
be used as an indicator of spin states in the material [25,28,60—
62].

Although the intensity of the KB’ line decreases from
300 to 10 K for LCRO, the mixed spin state can be easily
concluded since the spectral intensity of K" of LCRO at both
10 and 300 K locates between those of SCRO and LCO, which
is in agreement with the results from the above Co-L; 3 and the
O-K XAS spectra [32].

Figure 7 shows the evolution of the Co-Kf emission line
of LCRO as a function of pressure from ambient up to 31 GPa
at room temperature. With increasing pressure, the intensity
of the low-energy KB’ line decreases and almost disappears at
14 GPa and remains unchanged up to 31 GPa (Fig. 7). Such
pressure-induced decrease of the spectral weight of K8’ line
has been observed in LaCoQOj3 [61], BiCoOs5 [63], SCRO [25],
SCIO [28], and Sr,CoOsF [64].

Due to a relatively short Co-O distance dco—o ~ 1.9345 A
in LaCoO; at room temperature, the pressured-induced
change of the KB’ spectrum is very weak [61]; therefore
one cannot draw a conclusion from the K8’ spectrum as to
whether IS is relevant or not in LaCoO;5. In BiCoOs, the
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FIG. 7. Co-Kp x-ray emission spectra as a function of pressure
and difference spectrum of Co-Kf emissions measured between
ambient pressure (AP) and 14 GPa of LCRO (dark yellow line) and
difference spectrum between AP and 40 GPa of SCRO (magenta
line). Inset: integrated absolute difference (IAD) as a function of
pressure for LCRO.

change from fivefold at atmospheric pressure to sixfold coor-
dination above 3 GPa from a high-pressure structure study and
HS to LS transition was expected. However, the high-pressure
K B’ study indicated HS to IS transition and the reason for this
discrepancy is not clear [63]. Indeed the spin-state transition
of Co** from HS atmospheric pressure to LS at high 12 GPa
was observed in Sr,CoOsF upon a gradual shrinkage of the
Co-F bond length with pressure giving rise to a polyhedral
transformation to the CoOsF octahedron without a structural
phase transition [64]. A complete HS to LS transition without
going through IS was observed in SCRO and SCIO.

The inset of Fig. 7 presents integrated absolute difference
(IAD) as a function of pressure [28,60—62] and the total IAD
changes by about 0.07 from ambient pressure to 31 GPa. This
value is half of that expected for a complete HS (S = 2) to LS
(S = 0) transition found in SCRO [25] and SCIO [28]. The
complete HS to LS transition in SCRO and SCIO requires
high pressure up to 40 GPa, while at 14 GPa the LS state
can be realized from an initial mixed spin state in LCRO.
In order to distinguish between two scenarios of a possible
Co’* spin state in the LCRO, namely, a mixture of HS Co**
and LS Co** or a pure IS Co’* [32] to a LS state transition,
we drew the difference spectra of Co-Kf emissions of LCRO
obtained between ambient pressure (AP) and 14 GPa (dark
yellow line) and that of SCRO between AP and 40 GPa (ma-
genta) shown in Fig. 7 (below the x-ray emission spectra). The
magenta line corresponds to the change in the spin number
AS =2, while the dark yellow line describes the change in

the spin number AS = 1. These two difference spectra are
almost identical apart from the scale factor of 2, giving rise
to conclusion of the scenario of a nearly 1:1 mixture of HS
Co*t and LS Co3* at the 300 K, AP condition in LCRO.
Thus, the difference of the spectra does not show any sign
for new features which would be expected for the presence
of an intermediate spin state of Co’* similar to SCRO and
SCIO, since the IS state has a different line shape from the
HS state as shown in the inset of Fig. 6 and in the previous
experimental and the theoretical KB spectra of Fe’* ions
with the same 3d° configuration [65]. Therefore, a continuous
spin-state transition from mixed HS-LS to LS under pressures
in LCRO can be verified in agreement with the theoretical
analysis on the Co-L; 3 XAS spectra.

IV. CONCLUSION

We have observed a pure Co®" and a pure Rh3** valence
state in the LCRO in the x-ray absorption spectroscopy. Com-
paring the experimental Co-L, 3 XAS spectra of a LS Co®*
reference LCO and a HS Co®* reference SCRO with those
of LCRO, we have found that the Co-L; 3 XAS spectrum of
LCRO taken at room temperature is very similar to that of the
1:1 spectral weight ratio of LS:HS. Such situation was previ-
ously found in LaCoOj; at 650 K. This experimental finding
was further confirmed by our theoretical calculations; there-
fore we exclude the IS Co’* with an octahedral coordination
in RCoO3. Furthermore, although IS states have the same spin
number S = 1 as the 1:1 mixed HS (S =2) and LS (§ = 0)
does, the spectral line shape and the intensity ratio between
the Co-L; and the Co-L, edge of the calculated IS Co’t
states are very different between the two scenarios and can
be easily distinguished from the experimental Co-L, 3 XAS
spectra. Therefore we safely rule out the IS Co** scenario.
Under high pressure, the HS Co* is gradually converted
to a complete LS at 14 GPa, which is much smaller than
the pressure required for a complete HS to LS transition in
Sr,CoRuOg and Sr,Cog 5Iry 504 observed previously.
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