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ABSTRACT: The complex metal oxide SrCo,sRuyO; 5 possesses a slightly
distorted perovskite crystal structure. Its insulating nature infers a well-defined
charge distribution, and the six-fold coordinated transition metals have the
oxidation states +5 for ruthenium and +3 for cobalt as observed by X-ray
spectroscopy. We have discovered that Co®" ion is purely high-spin at room
temperature, which is unique for a Co®" in an octahedral oxygen surrounding.
We attribute this to the crystal field interaction being weaker than the Hund’s-
rule exchange due to a relatively large mean Co—O distances of 1.98(2) A, as
obtained by EXAFS and X-ray diffraction experiments. A gradual high-to-low
spin state transition is completed by applying high hydrostatic pressure of up
to 40 GPa. Across this spin state transition, the Co K/ emission spectra can be
fully explained by a weighted sum of the high-spin and low-spin spectra.
Thereby is the much debated intermediate spin state of Co®" absent in this
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material. These results allow us to draw an energy diagram depicting relative stabilities of the high-, intermediate-, and low-spin

states as functions of the metal—oxygen bond length for a Co**

ion in an octahedral coordination.

1. INTRODUCTION

Among the 3d transition metal ions, cobalt is outstanding
because of its spin state degree of freedom. Apart from the
high-spin (HS) and low-spin (LS) states, an intermediate spin
state (IS) is also proposed in many cobalt compounds. The
spin state of cobalt is affected by its formal oxidation state, the
surrounding crystal field, the coordination number together
with the local symmetry, and the type of neighboring ions. The
spin degree of freedom of cobalt reflects the subtle balance
between crystal field and Hund’s rule exchange interaction.
Hence, by properly choosing the external parameters, such as
temperature and pressure, spin state instabilities can be
achieved. Examples of the temperature-induced spin state
crossover complexes are well-known in bis-(2,6-pyridindialdi-
hydrazone)Col,' and [PhB(CH,PPh,),;]CoX (Ph = phenyl, X
= 1, Br, Cl).2 Krivokapic et al. have gathered even more
examples in their review.> The parameter pressure also can be
used to induce a spin state transition of cobalt as in
K, 12Co[Fe(CN)lor04.87H,0* and in Co[C,,HgN;O,],.>°
The latter is also reported to transform from a high-spin
Co*" to a low-spin Co® through electrochemical treatment.®
Naturally, in the spin crossover compounds high pressures and
low temperatures favor a LS state.
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The largest spin state variability of Co®" is reported mainly
for metal oxide compound, often within crystal structures
where cobalt is coordinated by four to six oxygen ions. LS Co®*
is found in LiCoO,,” La,Lig5C0,50,,° and in LaCoOQj at low
temperature. The last is intensively studied and its controversial
spin state crossover upon heating is still debated.”'® Co*" was
observed with all three spin states: LS in BaCoO5,"" IS Co*" in
Sr,C00,'? and SrCoO3713 and HS in Ba,C00,."* HS Co* in a
tetrahedral local symmetry was found in a mixed valent cobalt
oxide YBaCo,0.."> The pure HS Co® in a square pyramidal
CoOy coordination occurs in Sr,CoO;C1' and BiCoO5."” The
latter exhibits the HS to LS(IS) transition under high
pressure,'®'® accompanied by a CoOj to a CoOj coordination
transition. However, the pure HS Co®" oxide in octahedral local
symmetry is rarely documented. Also, there is a steady debate
on the issue whether the octahedrally coordinated Co** has a
mixed HS—LS state or an IS state in the new classes of
cobaltates RBaCo,055 (R = rare-earth metal),>°
Sr,,.Y,C00;45>" PrysCagsCo05>* as well as in LaCoO; at

high temperature.'®*>**
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SrCogsRuysO; 5 was first synthesized by Kim and Battle*
and formally can be seen as a 1:1 solid solution of SrRuO; and
SrCoOj;. Both parent compounds are metallic ferromagnets, but
SrCoysRuysO; 5 exhibits spin-glass-like and semiconducting
behaviors i.e. ~3 Qcm at 300 K and ~3 X 10> Qcm at 100
K.*>% The total effective magnetic moment of 4.9 up per
formula unit was obtained from high temperature magnetic
susceptibility data but the transition metal oxidation states were
discussed as either Co’*/Ru’* or Co*'/Ru**.?® Thus,
SrCoysRuysO; 5 seems to be a good candidate for a spin
state instability and enables us to explore three possible spin
states within one compound. The chosen method is X-ray
absorption spectroscopy (XAS) and X-ray emission spectros-
copy to explore the oxidation state and spin state of cobalt
along with the spin state transition upon applying high
hydrostatic pressure.

In a broad view, all the extraordinary material properties of
the cobaltates, including superconductivity,”’ giant magneto-
resistance,® strong thermopower,29 metal—insulator transi-
tions,'”** as well as spin-blockade behavior’>*" are related to
the spin state degree of freedom of the cobalt ion. Hence, if the
debate around the IS state is settled, the interpretations of the
material properties of cobalt-based metal oxides are simplified
remarkably.

2. EXPERIMENTAL SECTION

Synthesis and Basic Characterization. A powder
SrCoqsRuy 05 5 samgle was prepared by solid-state reaction as
described elsewhere.”*® A pellet of X-ray pure material was
subsequently heated overnight in 9.5 bar of pure oxygen at 900 °C
followed by 10 h slow cooling to room temperature. The oxygen
content in our SrCogsRuysO;; sample was found to be 2.96 as
determined by thermogravimetric hydrogen reduction (S1 in
Supporting Information [SI]). The oxidized material proved to be
pure by X-ray diffraction measurements, and the subsequent Rietveld
refinement confirmed the crystal structure® with satisfying R-values
(S2 in SI).

X-ray spectroscopy experiments. The Co-L,; and Ru-L,; XAS
spectra were measured at beamlines BL11A and BL16A, respectively,
of the National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. The pellet sample was fractured in situ in an ultrahigh-vacaum
chamber with a pressure in the 10™'° mbar range. High-pressure Ru-K
XAS and Co-K extended X-ray absorption fine structure (EXAFS)
spectra were collected in the transmission geometry at beamlines
BLO7A and BLO1C, respectively, of the NSRRC. The high pressure Co
K3 X-ray emission spectra were obtained at the Taiwan inelastic X-ray
scattering BL12XU beamline at SPring-8 in Japan with an overall
resolution of ~0.9 eV.

3. RESULTS AND DISCUSSIONS

The cobalt-to-oxygen distance. A detailed crystal
structure description can be found elsewhere.”® However, the
average local surrounding of Co is important to understand the
data presented below. Hence, Figure 1 displays the unit cell of
the body centered monoclinic crystal structure as well as the
local oxygen coordination of the transition metal site. From the
crystal structure refinement (S2), it is obvious that the Co—O
distances are unusually large, ranging from 1.96 to 2.00 A
(Figure 1).

As ruthenium and cobalt share one crystallographic site and
the diffraction experiment gives an average picture, an
elemental specific local probe was applied to confirm the
Co—O distances, because of the great importance of the crystal
field interaction on the transition metals spin state. The Co-K
EXAFS data, shown in Figure 2A, were analyzed using the
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Figure 1. Part of the SrCoqsRugsO,6 crystal structure (left) and the
local transition metal surrounding with bond lengths in A to the
neighboring oxygen ions (right).
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Figure 2. (A) Co-K EXAFS oscillations of SrCoysRuy 5O, o at ambient
pressure and room temperature. (B) Experimental (filled circles) and
simulated (full line) Fourier transforms of the k*-weighted Co-K
EXAFS spectrum.

IFEFFIT program. The results reveal an average Co—O
distance of 1.98 + 0.02 A (Figure 2B). This distance agrees
with those from the structural analysis and is even larger than
that in LaCoOj; at 1000 K.** At 650 K the average distance in
LaCoO; was found to be 1.949 A, a state which was proposed
to have half of the cobalt ions in a HS state,” whereas Co—O
distance for IS Co*" ion in SrCoO; is 1.918 A."?

Oxidation states of both transition metals. Although a
Co**/Ru** charge distribution is more reasonable than Co*t/
Ru*" considering the redox potentials, it is important to
investigate the oxidation states of both transition metals in the
title compound. In Figure 3, the Ru-L,3; XAS data are shown
for SrCoysRuys0,46 together with those of Sr,Ru,0,> and
SrRuO; as reference for Ru®* and Ru** compounds,
respectively. The figure reveals clearly that the Ru-L, ; spectrum
of SrCoq sRu, 5O, o6 has the same line shape as that of Sr,Ru,O,
and differs from that of SrRuO;. Furthermore, the peak in the
SrCoysRuy 5O, 96 spectrum is observed at ~1.35 eV higher in
energy than that of the Ru*' reference SrRuO;. The upward
chemical shift from SrRuO; to SrCogRugO, 44 reflects the
increase in the ruthenium valence from Ru*" to Ru**.*® In order
to understand the different spectral features and further confirm
the Ru*" state in SrCoysRuy O, o6 simulations of the Ru-L,;
XAS spectra were carried out for the Ru** and Ru®" states using
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Figure 3. Room-temperature (black lines) Ru-L, 3 XAS spectra of (A)
SrRuOj;, (B) SrCoysRuy, 50296, and (C) Sr,Ru,0,>* Simulations (red
lines) for a Ru*" and Ru* ion in octahedral coordination are also
plotted below the experimental data.

multiplet calculations, in which the effects of hybridization were
taken mto account ie. a configuration interaction cluster
model.** Using a set of physically reasonable parameters,®® the
theoretical simulations reproduce excellently the experimental
results of both SrRuO; and SrCoysRuyO,¢ as shown in
Figure 3. Hence, ruthenium is found to be 5+ in the title
compound.

Having established the Ru’* state in SrCogsRuysO, 06 the
Co’" state is now required for charge balance. To confirm this,
the Co-L,; XAS spectra were measured (Figure 4B) and
compared with those of BaCoO; (Figure 4A) as a Co*
reference,®® LaCoO5 at 20 and 650 K as a Co™* species (Figure
4C),"* and CoO as a compound with Co?* (Figure 4D). The
spectral weight of the L; white line shifts to higher energies as

Co-L,
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Figure 4. Experlmental Co-L,3; XAS spectra of (A) BaCoO; taken
from Lin et al,*® (B) SrCoqsRugsO,.4¢ (C) LaCoO, at 20 and 650 K
taken from Haverkort et al.'’ and (D) CoO. The data are recorded at
room-temperature unless stated specifically in the figure.
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the cobalt oxidation state increases: from Co** (CoO) through

0% (LaCoO;) to Co* (BaCoO;). This reflects that X-ray
absorptlon spectra at the transition-metal L,; edge are highly
sensitive to the valence state.***~® Obviously, the spectrum of
the title compound (Figure 4B) shows the closest resemblance
(but is not identical) to that of LaCoOj; at 650 K (Figure 4C),
indicating a Co® valence state. Thus, all XAS measurements
safely rule out the Co*/Ru** scenario.”®

The spin state of cobalt. While there is little doubt about
the S = 3/2 spin state of the Ru** (44°) ion, the spin state of the
Co’" ion in title compound needs to be identified. In Figure SA

Co-L,
SrCOO 5Ru(7.502 96

Co-L,
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Srcvo(/,iR” 0. 501,0
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Intensity (arb. units)
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Figure S. (A) Co-L,; XAS spectra of SrCoqsRu 0,95 and CoO, (B)
net SrCogsRuysO;0 (SrCopsRuysO,9 minus 7.5% CoO), (C)
LaCoOj; at 20 K. Theoretical Co-L,3; XAS spectra of HS and LS
Co® are plotted next to their expected equivalent. All data are
obtained at room-temperature and a dashed circle marks the Co**
prepeak.

the Co-L,; XAS spectrum is shown again. Here we notice a
minor prepeak at 778 eV, which can be attributed to the
presence of a Co®* species. From our thermal reduction
experiment (S1 in SI), we found that the material is slightly
oxygen deficient (2.96 instead of 3.00), so that we indeed can
expect the presence of some small amount of Co®*". By
subtracting a 7.5% Co®" spectrum from the as-measured title
compound we obtain an XAS-L, ; spectrum, which is free from
any features in this prepeak region (Figure SB). This spectrum
can now be quantitatively analyzed by using well proven
configuration interaction cluster model that include the full
multlplet theory.'”** Using this cluster model analysis, the LS

0> of LaCoO; at 20 K' is readily reproduced, and the
simulation excellently agrees with the nonmagnetic ground
state of LaCoO3 (Figure SC). By applying the same set of
parameters®® and changing only the Co 3d — O 2p
hybridization strength according to Harrison,* a remarkable
agreement between experimental data and simulated spectrum
is obtained (Figure SB). The increase in average Co—O bond
length, namely 1.925 A in LaCoO; at 20 K" to 1.98(2) A in
SrCoysRuy 5O, 96 causes the drastic change in hybridization and
crystal field strength. Now, the simulated spectrum corresponds
to an octahedrally coordinated Co®" ion in the HS state instead.
This proves the HS ground state of the Co ions in the title
compound. Note that the L,; XAS spectrum for a HS ion is
clearly different from that of a LS ion, conﬁrmmg the high
sensitivity of soft XAS as reported earlier.* We would also like
to add that the excellent agreement between the experimental
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and simulated XAS spectra, including the fine details in the
atomic-like multiplet features, can be taken as an a posteriori
justification to analyze the magnetic properties of the system
starting from the local electronic properties of the ions
involved.

Pressure-Dependent Spin State Transition of Cobalt.
To investigate whether the HS state in SrCo, sRug 5O, ¢ can be
converted to an IS or LS state on applying pressure, a Kf
emission experimentlg’z‘sf46 was carried out. Figure 6A shows
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Figure 6. (A) Evolution of the Co Kf X-ray emission spectra of
SrCogsRuy 5O, o under pressure up to 39.6 GPa at room-temperature.
(Inset) IAD values of Co K/} emission spectra as a function of applied
pressure with respect to 39.6 GPa. (B) Difference spectra of Co Kf
emissions taken at ambient pressure (AP) and 39.6 GPa (full black
line) and at 15.8 and 39.6 GPa (green dashed line).

the evolution of the Co Kf X-ray emission line of the title
compound as a function of pressure from ambient up to 39.6
GPa at room temperature. At ambient pressure, the Co Kp
emission spectrum reveals a main peak located at ~7650 eV
referred to as the Kf, ; line and a pronounced satellite peak
located at ~7637 eV corresponding to the KA’ line. This line-
shape defines the K/ emission spectrum for a HS Co®". At high
pressures, e.g. 39.6 GPa, the satellite peak nearly disappear, and
the main line gets narrower. This is similar to what happens for
the KA emission spectrum of LaCoO; at low temperatures,*
indicating that the LS state has been reached for
SrCoysRuysO, 06 In fact, the spectral changes are alike those
found for the complete spin state transition in FeS from 0 to
11.5 GPa® and for Mg,oFey;SiO;** from 20 to 120 GPa,
where Fe?* also has the 3d° electronic configuration. This infers
that the applied pressure induces a complete HS to LS
transition in the title compound.

The intensity of the K’ satellite peak is widely applied to
estimate the local 3d spin moment of transition metal
ions.'"®*~* The inset of Figure 6A contains a plot of the so-
called integrated absolute difference (IAD)"®*~% a5 a function
of pressure, and the total IAD changes by about 0.15 in going
from ambient pressure to 39.6 GPa. This 0.1 value is
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consistent with what is expected for a complete HS to LS
transition. We note that the Kf emission experiment is not
sensitive enough to detect separately the presence of the high-
spin Co*" impurities nor the possible presence of Co®" ions
with finite spin states*® associated with the oxygen defects in
the few percent range (SrCoqsRuysO55 with & = 0.04).

It is important that the spectral changes with pressure are
continuous without any signs for new features that otherwise
could indicate the presence of spin states other than the HS and
LS. This is apparent in Figure 6B, displaying a comparison
between the difference spectrum of Kf emissions taken at
ambient pressure (AP) and 39.6 GPa (black line) with the
difference spectrum of emissions obtained at 15.8 and 39.6 GPa
(green line). The black curve represents the spectral changes
associated with a change in the average spin expectation value S
from 2 to 0, and the green curve for a change of S from ~1 to 0.
Note that the difference spectra are identical apart from the
expected scaling factor of 2. This means that the system at 15.8
GPa is in a ~1:1 mixed HS:LS state, and not in an IS state, as
otherwise the difference spectrum would show new features.*

Stability of the Ruthenium Oxidation State. Perhaps it
is a bit superfluous, but we also would like to make sure that the
reduction of spin moment of the cobalt ions under pressure is
not caused by a change of the Co configuration from HS Co®**
(S=2) to LS Co*" (S = 1/2) accompanied with a change of the
Ru valence from S+ to 4+. For this purpose the Ru—K XAS
spectra were obtained under pressures up to 30.5 GPa. As
shown in Figure 7, there is no energy shift at the Ru-K edge

Ru-K edge

P (GPa)

Intensity (arb. units)

1 1
22140 22160

Photon Energy (eV)

22120

Figure 7. Pressure dependence of the Ru—K XAS spectra of
SrCoqsRuy 5O, 96 at room-temperature. The data at ambient pressure
(AP) and at 30.5 GPa are superpositioned (top) to emphasize the
negligible pressure dependence of the Ru—K spectrum.

with pressure, indicating the ruthenium valence remains S+.
Thus, this reaffirms that the decrease of the cobalt moment
under pressure is solely due to a gradual spin state transition of
Co’" ions without involving any valence state changes of the
cobalt ions.

Crystal Field Effects on the Cobalt spin state. To
understand the above experimental observations, the total
energy level diagram of the cobalt ions as a function of Co—O
distance was calculated (Figure 8). Clearly, the ground state of
Co®" ions is either HS or LS (not IS) with a crossover at Co—O
distance about 1.93 A, where the HS and LS states are strongly
mixed or, when local lattice relaxations are allowed to take
place,’® coexist incoherently on different (and possibly
neighboring) sites, as speculated earlier by Raccah and
Goodenough for the high temperature phase of LaCoO,.’
Thus, Figure 8 describes the evolution of the spin state during
the compression induced by high pressure for SrCo,sRuy 5O, g6
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Figure 8. Energy level diagram of a CoOy cluster as a function of the
Co—O distance.

and, conversely, during the expansion upon increasing the
temperature for LaCoOs.

Note that the IS states are remarkably unfavorable in energy
in comparison to the HS and LS states. In fact, the lowest of the
IS states is already ~0.4 eV (~4000 K) higher than the
degenerated LS and HS at the Co—O distance 1.932 A. It is not
clear whether a Jahn—Teller distortion could stabilize the IS
states.*” Simulations by Haverkort®® show that the lowest IS
states are not Jahn—Teller active: they are of the d(x*—y*)d(xy)
type,®" so the e, electron (x*—y*) and the t,, hole lie in the
same x—y plane. The Jahn—Teller active IS states are of the
type d(3z°—r*)d(xy), but these are even higher in energy by
~0.8 eV (~8000 K), so that extremely large distortions are
needed to stabilize them relative to the HS or LS states. Hence,
it is concluded from these local electronic and atomic
considerations that very special crystal structures are obligatory
to stabilize an IS state (if at all) for insulating Co®" oxides. We
would like to note that for metallic cobaltates, in which inter-
Co charge fluctuations play an important role, the concept of
local spin states may no longer be meaningful and that the
discussion of the magnetic properties of such systems may need
a more complicated (and probably presently unsolvable)
theoretical model where the wave-vector dependence of the
self-energy Y (k,w) is also taken into account.

4. CONCLUSIONS

We have discovered that the Co** ion in SrCoq<Ruy0, 46 is
high-spin, which is unique for Co®* in octahedral oxygen
coordination. Further, we have shown that it was possible to
induce a complete spin state transition using high pressure. All
pressure-dependent data can be understood by a gradual
change from a high-spin state at ambient pressure to a low-spin
state at about 40 GPa. As Ru®" is unaffected by pressure, the
spin state transition of Co®" solely is responsible for the change
in magnetic moment. We have not found any signs of the much
debated intermediate spin state at any stage during the pressure
induced spin state transition. Model calculations provide a
quantitative estimate for the relative stability of the high-,
intermediate-, and low-spin states as functions of the metal—
oxygen bond length for a Co®" ion in an octahedral
coordination.
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Thermogravimetric data including the reduction conditions and
evaluation of the data; X-ray diffraction experiment and the
Rietveld fit to the observed data. This material is available free
of charge via the Internet at http://pubs.acs.org.
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