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ABSTRACT: The possible hybridization between Pr 4f and
O 2p states in PrysoSrys0CoO; at low temperatures was
investigated by different techniques. First, using neutron
diffraction we observed a strong contraction of some Pr—O
bonds across the magnetostructural transition at Tg ~ 120 K.
In contrast to the Pr—O bond contraction in Pr, ¢,Ca, 50C0Os,
this transition is not accompanied by the appearance of Pr** at
low temperatures, as revealed by X-ray absorption spectros-
copy at Pr edges. Despite the fact that a Pr valence change is
not the mechanism that drives this transition, we point out an
active participation of Pr ions across Ts. Moreover, Co L, ;-
edge and O K edge X-ray absorption spectra did not reveal any
spin-state variation and showed the stability of the average
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formal valence of cobalt ions. The large density of empty t,, symmetry states in the studied thermal range does not suggest the

occurrence of Co®*

B INTRODUCTION

The electronic and magnetic properties of cobalt-based
perovskites are largely determined by the electronic filling of
the Co 3d valence band. The spin state of trivalent cobalt
appears as a fundamental ingredient for the variety of magnetic
and electronic properties displayed by the
(Ln,_ ,Ln’ )1 A, Co0; (Ln, Ln’ = lanthanide; A = alkaline-
earth) famlly of compounds.'™* In particular, the physical
properties of half-doped Prys,Ag50CoO; (A = Ca, Sr)
perovskites are attracting interest because of the observation
of nonconventional phase transitions and distinct structural and
magnetic properties.s_14

Half-doped Pr;s,Cag5,CoO; (PCCO) is metallic, but a
metal—insulator (MI) transition localizes the mobile charges
below Ty ~ 80 K, assisted by concomitant Co spin-state
changes that favor the diamagnetic Co®" low-spin (LS) state,
which explains the absence of long-range magnetic order.””~”
The correct picture for this transition was a long-standing open
question until the discovery that the extra tilting of CoOgq
octahedra (compatible with the Pnma crystal symmetry of
PCCO) is activated by a contraction of selected Pr—O
bonds>”® that generates a first-order Pr** to Pr* valence
shift at Tyy. This exceptional electronic mechanism in PCCO
and other (Pr,.Ln),_,Ca,CoO; cobaltites implies that the
insulating state is stabilized by electron transfer from Pr to
Co sites.”™”
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in a pure low-spin state. The overall metallic behavior agrees with our findings. We propose a mixture of Co**
ions in the intermediate-spin or high-spin configuration together with Co**

ions in a low- or intermediate-spin state.

Pry.5051.50C00; (PSCO) exhibits ferromagnetic (FM) order
below T ~ 230 K and metallic conductivity over the whole
temperature range. In addition, it undergoes an intriguing
magnetostructural transition at Tg ~ 120 K. This
unexpected transition was initially reported by Mahendiran
and Schiffer'® on the basis of magnetic measurements and
confirmed later by other groups. It causes an unusual steplike
behavior in the magnetization and presumably a change of the
magnetic easy axis.~ Thus, the transition brings about an
anomalous magnetic field dependence of the steplike change in
M(T) at Tg, where the magnetization decreases or increases
depending on the magnitude of the applied field.'”"
Troyanchuk et al."® found evidence of structural anomalies,
and several groups (using different structural descriptions) have
underlined the possible importance of the Pr 4f—O 2p
hybridization for this transition.'”"> Other different hypo-
thetical pictures have been also invoked (orbital ordering or
orbital state changes, spin-state changes in Co’" ions, etc.)
without any conclusive result.

The unexpected transition at Tg ~ 120 K has not been
observed with other rare-earth cations. It does not appear in
NdOSSrOSCoO3 or (La; 5Nd, 3)050570.50C003,"” and Leighton
et al."! reported the disappearance of the transition when La

replaces Pr as in (La;_,Pr,)osSrosCoO;. Interestingly, they
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reported that the presence of even a small Pr concentration
(~5% of A-site occupation) is enough to activate the effects.
The absence of this transition in other half-doped cobaltites
without Pr ions can be a signature of a dominant role for Pr—O
hybridization in the structural and magnetocrystalline aniso-
tropy changes. Furthermore, the spontaneous Pr valence shift
reported in PCCO and other (PrLn);_,Ca,CoOj; cobaltites
justifies similar exploratory studies across the coupled
structural/magnetocrystalline anisotropy transition in PSCO.
This provides the motivation to study the temperature
evolution of experimental X-ray absorption spectra at the Pr
M, s and Pr L; edges in PrSrysCoOj; and to compare them to
the results of theoretical calculations. In the present study, we
observed minor changes across T, allowing us to conclude the
absence of Pr*". Moreover, we checked for possible spin-state
variations by looking at the Co L,; and O K edges. Our results
demonstrate that both the average valence and spin state of Co
ions remain unaltered across the anomalous transitions.

B EXPERIMENTAL SECTION

Polycrystalline PSCO powder was prepared by solid-state reaction
under an oxygen atmosphere. High-purity Co;0, and PrsO;; oxides
were first dried at 1100 °C for 15 h. SrCO; was heated at 850 °C for
12 h and then to 950 °C for 15 h to decompose calcium carbonate.
The precursors were mixed in stoichiometric amounts. The mixture
was pressed into pellets, heated under an oxygen atmosphere at 1000
°C for 12 h, and then slowly cooled (60 °C/h). After the sample was
gridded and pressed, the last two annealings were performed at 1100
°C for 12 h and 1170 °C for 24 h under O,, also using slow cooling.

Sample quality was checked by powder X-ray diffraction using a
Siemens D-5000 diffractometer. The material was found to be single-
phase and free from impurities. The direct current (dc) magnetization
was measured using a superconducting quantum interferometer device
(SQUID) (Quantum Design) under 0.1 mT. The evolution of the
ferromagnetic response below T¢ is shown in Figure la, where the
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Figure 1. (Top) Temperature dependence of the dc magnetization at
low field in PrysSr50CoO; (field-cooled, 0.1 mT), signaling the
second transition (Tg) well below T¢. (Bottom) Comparison of the
thermal evolutions of the average ((Pr,A)—O) bond distances (VIII-
coord.) in Pr (St 50CoO; (left axis) and Pr,5oCay5oCoO5 (right axis).

apparent drop in the magnetization at around T ~ 120 K corresponds
to the magnetostructural transition into the low-temperature phase.
The steplike behavior in the magnetization has been attributed to
possible changes in the magnetocrystalline anisotropy axis.""'* Sample
characterization included powder neutron diffraction measurements
using D20 at Institut Laue-Langevin (Grenoble, France) with 4 = 1.87
A. The structural model of ref 11 was used to fit the diffraction data at
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low temperature. We detected a contraction of the cell volume in
PSCO at T < Ts.'” In order to get further insight into possible changes
in the hybridization of Pr—O bonds, we analyzed the average R—O
bond distances on both sides of the magnetostructural transition in our
PSCO sample'” (see Figure 1b). We recall the evolution of Pr—O
bonds in PCCO across Ty from refs 8, 11, and 17. Using these
previously reported data, in Figure 1b we show a comparison of the
evolution of the (R—O)"™ distance (considering the nearest eight
oxygens of the 12-fold coordination sphere around Pr) in the half-
doped cobaltites PrysyAg50CoO; (A = Ca, Sr). This average bond
length contracts markedly in PSCO at Ts (ca. —4%). In contrast, the
variations of this parameter in PCCO (which contains tetravalent Pr
ions at low temperatures) across Ty are smaller. It is also noteworthy
that the unit- cell volume contraction with Ca is one order of
magnitude larger than in the Sr perovskite because of a strong
expansion of the four (out of 12) longest Pr—O bonds below T in the
latter."” This finding gives support to the observations made in the
Introduction of this paper about the need to clarify the role of Pr and
the Pr—O hybridization in PSCO, in particular the temperature
dependence of the Pr oxidation state across Ts.

Soft X-ray absorption spectroscopy (XAS) measurements at the Pr
M,s, O K, and Co L, ; edges were performed on the BL29-BOREAS
beamline at the ALBA Synchrotron and on beamline ID08 at the
ESRF. Data were recorded by means of surface-sensitive total electron
yield and total fluorescence yield. Proper bulk-pellet-sensitive
measurements required in situ cleaving of the samples under ultrahigh
vacuum (~107° mbar) conditions. CoO was simultaneously measured
as an energy calibration reference. The nominal flux on the BL29-
BOREAS beamline was on the order of 10" photons/s with an energy
resolution of about 50 meV. Flux and time exposure were selectively
reduced in some cases in order to minimize photoreduction of Co
ions.

Additional Pr Lj;-edge XAS measurements were recorded in
transmission on the BL22-CLASS beamline at the ALBA Synchrotron
Light Facility. The measurements were carried out on pellets made of
fine powders of the material homogeneously mixed with cellulose. The
thickness of the pellets was optimized for transmission measurements
to get an edge step close to 1. The energy calibration was
simultaneously done by performing measurements on a Cr foil (Cr
K edge, 5989 eV). A Si stripe was selected on the white beam mirror to
remove higher-order harmonics. The incident beam was defocused,
and the spot size was 1.0 mm X 0.7 mm (height X width). A Si(111)
double-crystal monochromator was used to get ~1 eV energy
resolution at 6 keV with approximately 10'* photons/s.

B RESULTS AND DISCUSSION

A. XAS at the Pr M, 5 and Pr L; Edges. Figure 2 shows
the experimental X-ray absorption spectra of PSCO at the Pr
M, 5 edges recorded at different temperatures between 10 and
340 K. For comparison, we have also plotted the corresponding
spectra of PCCO at room temperature (RT) and 10 K (from
ref 9) and that of PrCoQO; (PCO) at 300 K as a Pr’* reference
compound. Figure 2 shows hardly any change in the PSCO
spectrum over the whole thermal range studied, which includes
T¢ and Ts. Moreover, the PCCO spectrum at 300 K shows a
remarkable similarity to the PSCO spectra. We found only
some dissimilarities in the M, 5 branching ratio, which is defined
as I(M;)/[I(M,) + I(Ms)], where I is the measured absorption
intensity. These are probably due to small differences in the
spin—orbit splitting.'® We found M, 5 branching ratio values of
0.582 and 0.589 for PCCO at 10 and 300 K, respectively.
Meanwhile, this parameter is within 0.600 and 0.598 for PSCO
at all temperatures between 10 and 340 K. As a reference, we
also experimentally found a branching ratio of 0.646 for PCO at
300 K. The general trend of the M, branching ratio in
lanthanides is directly proportional to the occupation of the 4f
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Figure 2. Experimental Pr M,s-edge XAS spectra of PSCO as a
function of temperature. For comparison, the spectra of PCCO at 10
K (blue dotted) and 300 K (red dashed) are also shown. The black
line is the experimental spectrum of PrCoO; at 80 K as a reference
sample. A, B, C, D, E, and F are labels for spectroscopic features. The
inset shows details of the Pr M, edge.

orbitals because of a progressively less prominent M, edge,"
which is in qualitative agreement with the values we found.

Although the Pr ions in PCCO are in the expected trivalent
state at room temperature, the appearance of Pr** at T < Ty
has been demonstrated by different groups using diverse
experimental techniques.”® The process of intersite charge
transfer between Pr and Co ions is reflected, among others, in
the X-ray absorption spectra of Pr and Co atoms at different
edges. At the Pr M, edges, a clear signature of Pr*" is the
enhancement and shift to higher energies of the C and D
spectral features. The absorption cross section at the E and F
features increases too. This evolution is absent in PSCO, which
in combination with the already-mentioned spectral similarity
to PCCO at 300 K suggests that there is no trace of tetravalent
Pr ions in PSCO at low temperatures.

We carried out charge-transfer multiplet calculations™ of the
experimental X-ray absorption spectra plotted in Figure 2 to
explore the effects of a hypothetical Pr*" content in these
cobaltites. Thus, in Figure 3a,b we show the calculated spectra
at the Pr M, 5 absorption edges for a Pr**-based oxide with a
pseudocubic perovskite structure and a pure Pr’*-based one.
We note here that we included a significant charge transfer
component in the Pr** cobaltite calculation in an attempt to
simulate the experimental spectrum of PCCO.>" We therefore
decided to label it as Pr** CT. In this case, the initial and final
states of the 3d XAS process can be described as a mixture of
the 4f! and 4£L configurations and a mixture of the 3d%£ and
3d°4fL configurations, respectively, where L stands for a hole
in the valence band. The results of a pure Pr**-based compound
calculation are also shown for comparison (Figure 3c). The
parameter values used for every calculation are reported in ref
22. As empirically shown in a recent work,” the experimental Pr
M, (and Pr L;) XAS spectra of PCCO at T < Ty can be
reproduced as the weighted addition of the two latter
components in a variable Pr**:Pr** CT ratio that is directly
proportional to the temperature. In Figure 3d we show
simulations of the PCCO spectra at 10 and 300 K following this
method using the values derived in ref 9. The comparison to
the low-temperature experimental spectra for PCCO and
PSCO reinforces the idea of an absence of tetravalent Pr ions in
the latter compound.
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Figure 3. (a—c) Calculated Pr M,5 XAS spectrum of a Co-based
perovskite containing only Pr**_CT (charge transfer allowed) (green),
Pr** (no charge transfer) (yellow), and Pr** (no charge transfer) (light
green). (d) Comparison of a Pr**-based cobaltite multiplet calculation
(black solid line) to the 85:15 weighted addition of calculated Pr** and
Pr** CT spectra (black dotted line). (e) Comparison of the
experimental spectra of Prs,Sr50CoO; (light-blue solid line) and
Pry50Cag50Co05 (blue dotted line) measured at 10 K. Spectra have
been vertically shifted for clarity.
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XAS at the Pr L, edge (Figure 4) confirms our conclusions
obtained from the soft X-ray regime on the stability of the Pr
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Figure 4. Experimental Pr L;-edge XAS spectrum of PSCO at room
temperature (black A) and 80 K (blue O). The solid gray line
corresponds to the calculated spectrum. The inset shows a comparison
between PCCO and PSCO in low-temperature phases.
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oxidation state. Let us note that the appearance of Pr*
PCCO leads to a noticeable enhancement of the B feature at
Ty (as can be seen in the inset). Regardless of temperature, the
absorption cross section at ~5980 eV shows a local maximum
due to multiple scattering of the photoelectron from ionized Pr
atoms with the surrounding atomic environment (i.e., it has a
structural origin). Nevertheless, 1ts enhancement at T < Ty
responds to the Pr* formation.® This thermally modulated
spectral evolution does not occur in PSCO, in agreement with
the absence of Pr*" derived from the analysis of XAS spectra
shown in Figures 2 and 3. To gain insight into the Pr L; edge
results, we also carried out X-ray absorption simulations based
on the self-consistent real-space multiple scattering approach.>®
The simulations were performed employing the crystallo-
graphic Imma structure of PSCO at T > Tg.'”***® The
theoretical spectrum obtained is plotted at the bottom of Figure
4, and it is in good agreement with the experimental spectra.
B. XAS at the Co L,; and O K edges. We have so far
looked for similarities with PCCO to resolve whether charge
transfer involving Pr atoms takes place across Tg in PSCO.
More common physical phenomena in cobalt oxides are Co
spin-state transitions. We carried out XAS measurements at the
Co L,; edges to profit from the direct sensitivity to the
electronic filling details of the valence orbitals. Figure 5 shows
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Figure 5. Experimental Co L,; XAS spectra as a function of
temperature for Pry Sty 5oCoO;. The inset shows details of the 290 K
(red @) and 3 K (blue O) curves. Spectra have been vertically shifted
for clarity.

the evolution of the Co L, ; XAS spectra of PSCO as a function
of temperature between 3 and 290 K. Changes are minimal
over the whole thermal range studied. In other words, there are
no relevant variations in the occupation of the Co 3d states. In
view of this and the results presented in section A, we cannot
relate the mechanism driving the anomalous transition taking
place at T to either a Pr-to-Co charge transfer or Co spin-state
changes.

Pre-edge features in the O K edge X-ray absorption spectra
are an alternative way to analyze the occupation of Co 3d states
via hybridization to O 2p states. Figure 6 displays the
temperature-dependent O K edge spectra for PSCO. We
have also plotted the spectrum of PrCoQ; at 10 K containing
only Co™ in the LS state (t,,, S = 0). We note the absence of
changes with temperature in PSCO, similar as in the Co L,;
edge spectra. In addition, the comparison to the PCO reference
spectrum is a strong indication of the existence of a large
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Figure 6. Experimental O K edge XAS spectra of Pr,Sry50CoO; at
different temperatures. The experimental spectrum of PrCoO; (green
dotted line) serves as a reference. The inset displays details of the pre-
edge region of the PSCO spectra.

density of 3d t,, empty states in Co ions for Pry5Sry50CoOs.
The temperature-dependent spectral weight ratio of empty t,,
and e, states is characteristic of PCCO and similar Pr—Ca
cobaltites.**® This allows us to remark that the electronic
configuration of Co ions in PSCO is very different from that in
PCCO at T < Ty In Pry4Ca 50C003, the insulating phase
presents a coexistence of Co®" (3d tz 0 §=0) and Co* (3d
t2g . 0 S =1/,) ions, both in the LS state This involves a
scarcity of empty 3d states with t,, symmetry in PCCO and
helps to explain the large amplitude of PSCO O K edge
prepeak features at ~528 eV.

B CONCLUSIONS

We have presented a complete variable-temperature spectro-
scopic study of Prys,Sr50C0oO;, which presents an anomalous
transition at Tg ~ 120 K. There is a noteworthy contraction of
the average Pr—O bond length (dp,_o)"™ at Tg, which suggests
a large hybridization between Pr 4f and O 2p orbitals as a
possible mechanism for the transition. However, unlike other
similar cobaltites (Prs,Cays0C00;),**° we did not observe
any Pr’* to Pr** oxidation process across it after inspection of
the XAS spectra at the Pr M, and Pr L; edges. Moreover,
charge transfer multiplet simulations support our experimental
results. Even though there is no valence change in Pr ions
across Ty, they actively participate to catalyze the onset of this
transition. This may be related to the strong Pr—O hybrid-
ization across T without charge transfer. In addition, we have
observed a large density of free 3d states with t,, symmetry in
PSCO Co ions according to O K edge XAS. Thus, we can
qualitatively talk in terms of an excited high-spin (HS)or
intermediate-spin (IS) state, either pure or mixed with a small
contribution from the low-spin configuration. We have also
seen by inspection of the Co L,; XAS spectra that the average
spin state of Co is insensitive to temperature over the studied
range. A plausible hypothesis for the Co spin state in PSCO is
to have an equilibrated mixture of Co®" ions in an IS or HS
state, with Co*" ions staying in an LS state or even an IS state as
proposed for other cobaltites of the (Pr;_,Ln,);_,Ca,CoO;
family.”® A large population of Co ions in an LS state at T <
120 K is unexpected because of the metallic character of PSCO
at low temperatures. Further theoretical studies to better
determine the spin state in Pry Sty (C0oO3 would be desirable.
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