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Valence transition in (Pr,Ca)CoQj; cobaltites: Charge migration at the metal-insulator transition
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X-ray absorption spectroscopy measurements in Pry sCag sCoO3 and (Pr,Y)g 55Cap 45CoO3 compositions reveal
that the valence of praseodymium ions is stable and essentially 4+3 (Pr [4 £2]) in the metallic state, but abruptly
changes when carriers localize approaching the oxidation state +4 (Pr [4 £']). This mechanism appears to be the
driving force of the metal-insulator transition. The ground insulating state of Pry5CaysCo0O; is a homogeneous
Co™~* state stabilized by a charge transfer from Pr to Co sites: 3 Pr'" +Co’” — 1 Pr’* +Co™ ™ | with

26 ~ 0.26e".
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I. INTRODUCTION

Co oxides are attracting much attention in the condensed
matter community as they present a rich variety of inter-
esting phenomena.'™ Spin-state transitions in oxides having
Co’* ions is one of the most celebrated.®"'” Different types
of metal-insulator transitions (MITs) are being investigated
in Ln-A-Co-O (Ln: lanthanide; A: alkaline earth) cobaltites
having in common CoOg octahedra with a small energy
difference between crystal-field splitting and Hund’s coupling
energy.!!~14

Ln-A-Co-O oxides offer new frameworks to obtain remark-
able magnetic and transport properties (for applications in the
field of electronics) due to the ability of Co to adopt various
oxidation states and electronic configurations. Prg sCag sCoO3
exhibits a MIT (Ty = 70 K) and is considered a “strongly
correlated spin-crossover” system.!>!* Recent experiments
have proved the possibility of generating metallic domains
in the insulating low-temperature phase of PrgsCagsCoOs
by ultrafast photoexcitation, making this material of interest
in the area of ultrafast optical switching devices.'> The
ionic description of the tz"_g(a*)o'5 metallic state involves the
coexistence of intermediate-spin (IS) Co** (§ = 1, tzsgegl)
and low-spin (LS) Co** (§ = 1/2, tzsg) mobile species. Both
ionic configurations are Jahn-Teller active and might require
the creation of local lattice distortions in the localized state.
A spin-state transition from IS Co** to diamagnetic LS Co**
and a charge ordering of Co™ (§ = 0, #3,) and Co** sites
was proposed as the origin of the MIT transition.'> The first is
widely accepted, but charge ordering with two differentiated
Co*37% and Co’*7 sites has not been detected.

Several works have reported similar MITs in
(Pri_yLny);_,Ca,CoO; (Ln: Sm, Tb, Y, ...) perovskites for
different Ca contents (x = 0.3, 0.4, 0.5, etc.).'%!8 The existence
of the MIT depends not only on x, but also on y and the
lanthanide species.'® In these cases it was generally assumed
that, besides the effects of temperature and hydrostatic
pressure, both x and y parameters have a strong influence
on the number of electrons in the e, orbitals.'” According
to magnetic and transport measurements, the transition was
viewed as a sudden IS — LS transformation of Co** atoms in
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the ionic description in some compounds, but also as a more
gradual IS—LS crossover in other compositions. '8

However, in recent years there has been increasing evidence
that the first-order MIT with x close to 0.5 occurs only for (Ln,
Ln’, Ca) cations with Ln = Pr,'+ 1720 raising speculations
about the role played by the Pr-O hybridization on the MIT in
these cobaltites. Moreover, a (Pr,Ca)-O bond contraction has
been observed across Tyy.2022

In this work we present x-ray absorption measurements
at the Pr and Co sites revealing that a Pr**/Pr** valence
transition at Ty is responsible for charge localization, and
also acts as the driving force for the stabilization of the Co’*
LS state in the insulating phase of Pry sCagpsCoO3 and related
compositions. We provide direct experimental observation of
a sudden spontaneous charge migration from Pr to Co sites
exactly at the MIT. Electron migration stabilizes the trivalent
state of Co in half-doped Pr( sCag sC00O3. Instead of disordered
Co’*t/Co** sites (ionic description) or Co+% /Co®37? sites
(charge disproportionation), the actual ground state consists
of a homogeneous Co®>~% state (§ &~ 0.13¢™ ) arising from
an electron transfer from praseodymium (electron migration
from A to B sites of the perovskite).

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pry5Caj 5Co03,
PI‘0.55Cao_45COO3, and PI‘()‘50Y0_05C30'45C003 were prepared
as detailed elsewhere.”’ Final sintering of the samples was
performed under high oxygen pressure (po, = 200 bars)
to assure optimal oxygen content. Samples were well
crystallized and free from impurities as revealed by x-ray and
neutron diffraction. Neutron powder diffraction (NPD) data
were collected on D2B (A = 1.594 A), DIB (A = 2.52 A),
and D20 (. = 1.88 A) diffractometers of ILL (Grenoble).
Diffraction patterns were recorded in the temperature range
between 5 K and room temperature (RT). Magnetization
measurements were performed using a superconducting
quantum interference device (SQUID) magnetometer; ac
susceptibility, magnetotransport, and thermoelectric power
data were recorded using a commercial physical properties
measurement system (PPMS) in the temperature range
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FIG. 1. (Color online) (a) Thermal evolution of the unit-cell vol-
ume for Pr0'5C30‘5COO3, Pr0‘55Ca0445COO3, and Pr0,5Y0.05Ca0,45C003
obtained from neutron diffraction measurements. The volume
contraction indicates the entrance of the insulating phase. It is
not present in PrgssCap45Co0; (FM and metallic ground state).
(b) Resistivity of the three perovskites plotted in logarithmic scale.
(c) Magnetic susceptibility (0.1 T, zero-field cooling or cooling and
heating cycle).

2 < T < 350 K. Absorption measurements were performed
on beam lines MAGS and PM-3 at the BESSY II synchrotron
radiation source.”> X-ray absorption spectra (XAS) were
collected by means of bulk-sensitive fluorescence yield (FY).
Temperature dependence of the absorption was measured on
heating between 10 and 300 K.

III. RESULTS AND DISCUSSION

A. Pr valence change at the metal-insulator transition

Figure 1(a) shows the evolution with temperature of
the unit-cell volume of all three compounds as determined
from Rietveld refinement of NPD data. Prgss5Cag45C003
does not show the characteristic volume contraction with
decreasing T associated to the localization of the charges in
these systems. This result is consistent with the temperature
dependence of the resistivity (o) and of the susceptibility
(x) [see Figs. 1(b) and 1(c), respectively] which show that
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this compound remains metallic even at low temperatures.
Moreover, the metallic phase of PryssCag45C005 displays
long-range FM order below T = 70 K. On the contrary,
both Pr0'5C30_5C003 and Pr0_50Y0.05C30.45COO3 dlsplay
a volume cell contraction concomitant with a first-order
MIT. The transition to a low-temperature charge-localized
state takes place in PrpsoYo05Cag45Co0O3 at a higher
temperature (Tyy = 120 K) than in the half-doped cobaltite
(Twvr = 70 K). Resistivity data agrees with the opening of a
gap and both compounds exhibit semiconductorlike behavior
below Ty

To investigate the role of the Pr cation on the MIT
transition x-ray absorption spectra at the Pr L3 edge have
been acquired on MAGS as a function of temperature for
all three samples. Absorption spectra have been obtained
by means of fluorescence yield (FY-XAS). All spectra are
depicted after normalization to their area on Fig. 2. The two
main spectroscopic features at 5967 and 5978 eV (respectively,
A and B) originate from the Pr 2p— 5d transitions: Pr3* (4 £2)
sites contribute to the peak at lower energy, and the Pr*"
sites contribution splits over the two peaks due to 4 f! and
4 f2L states, being L a ligand hole in the O 2p orbital.>*?
In PrysCaysCoOs [Fig. 2(a)] the measurements show very
apparent changes in the spectra when crossing Tyy. The
intensity of peak B (Pr** only contribution, i.e., 4 ) increases
at the same time as the intensity of peak A (being Pr’* the
major contributor, i.e., 4 f 2) decreases. These results reveal
a rapid increase of the Pr oxidation state at the transition.
Photoabsorption spectra evidence that praseodymium changes
to an intermediate valence ground state composed essentially
of an atomiclike 4 f! state when crossing Tyyy. A localized 4 f!
configuration with a degree of covalent mixing should create
in the oxygen 2p valence band extended states of f symmetry.

The above results highlight the role of the Pr-O hybridiza-
tion on the MIT. To further confirm this point, Fig. 1(b) shows
the Pr L3 FY-XAS spectra obtained for PrgssCag45C003
at various temperatures. No relevant spectroscopic changes
are seen in this case pointing to a temperature-independent
oxidation state of Pr. This agrees with the fact that no MIT is
seen in such compositions.

B. Tilting of the CoOg¢ octahedra and the occurrence of the Pr
4 f% — 4 f! transition: Pr-O hybridization investigated
by neutron diffraction

The persistence of the metallic state in Pryss5Cag45C00;
is related to the degree of the GdFeOs-type distortion.
The Pnma structure of Prgs5Cag45Co03 is less distorted
than PrysCapsCoOs;. From our NPD data one obtains
the following Co-O-Co bond angles: 6[Co-O(1)-Co] =
159.0(1)° and 0,[Co-O(2)-Co] = 157.76(1)° at RT in metallic
Pro.55Cag45C003. This distortion should be compared with
0, = 158.18(3)° and 6, = 157.95(6)° in Pry5Cag5Co00s5.
Although the 6, values are approximately equal (slightly
greater for the half-doped cobaltite), the apical bonding angle
0 is straighter by ~1° in Prj 55Cag 45C003.

Table I illustrates the decisive importance of the apical
tilting of the octahedra () for the activation of the 4 f2/4 f!
electronic transition. In this table we compare the bond
lengths between A-site (Pr,Ca) and O atoms at both sides
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FIG. 2. (Color online) Temperature dependence of the Pr
L3—edge FY-XAS of (a) PI'0.5C30‘5COO3, (b) Pl‘()‘55C3.()A45COO3 (metal—
lic at all temperatures), and (c) Pry s Y,05sCag45C00s5. Insets: enlarged
4 f! region.

of the metal-insulator transition in Prgs;CagsCoO5. Each
praseodymium is bonded to 12 oxygens: eight basal oxygens
at 8d general position (Pr-O2 bonds), and four apical oxygens
at 4c positions (Pr-Ol1). The two strongest Pr-O bond
contractions (=~ —2.4%) at the MIT involve apical oxygens
(Pr-O1). Pr-O1 bonds are parallel to the a-c plane because Pr
and O1 atoms both occupy 4c positions (x 1/4 z), at the same
y layer. Both atoms considerably shift their positions in the
plane varying the tilting angle ¢; = 1/2(180° — 6;) of the
octahedra. The angles 6, and 6, change by &~ 3° on cooling
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TABLE 1. Refined A-O bond lengths in PrysCaysCoO; and
relative variation across the metal-insulator transition due to Pr*+ /Pr*
valence change. The A site is occupied by [Pr,Ca] atoms.

Relative

10K variation 100 K 300 K
Pry 5Cay sCo0; insulator  10-100 K metal metal
A-01 (A) 2.286(3) —2.36% 2.340(3)  2.380(3)
A-O1 (A) 2.396(2) —2.38% 2.453(2) 2.475(2)
A-02 (A) x2 2.306(2) —2.08% 2.354(2)  2.344(2)
A-02 (A) x2 2.538(2) —1.22% 2.569(2) 2.585(2)
A-02 (A) x2 2.591(2) —1.00% 2.617(2) 2.630(2)
(dA—0)3_short (A)  2.444 2.484 2.497
A-01 (A) 3.009(2) +2.29% 2.940(2) 2.921(2)
A-O1 (A) 3.015(3) +0.50% 3.0003) 3.013(3)
A-02 (A) x2 3.229(2) +1.79% 3.171(2)  3.139(2)
(da—0)a—1ong A)  3.120 3.070 3.053

across the transition.”>>> The change A6 is the main cause
of opposite spatial shifts of Pr and O1 atoms within the a-c
plane: u, = 0.0079, u. = —0.0023 and |s| = 0.044 A for Pr,
and u, = —0.0044, u, = 0.0097, and |s| = 0.0567 A for O1,
where u; are the relative and |s| the total displacements.

To get further insight on the decisive importance of the
tilting of the CoOg octahedra for the occurrence of the
424 f! transition we compare the above results with
those obtained for Prgs0Y05Cag45C003. In that case the
substitution of 5% of Y atoms, of smaller size than Pr and
Ca, increases the tilting of the octahedra. From NPD we obtain
01 =157.56(1)° and 6, = 157.67(1)° at RT. The basal angle 6,
is almost identical to metallic Pry 55Cag 45C0O3 but the apical
angle 6 is ~1.5° smaller. The Pr L3 FY-XAS spectra for
this sample [Fig. 1(c)] indeed show, as for Prj s50Cag 50CoOs3,
a very clear evolution where the Pr** contribution increases
below ~130 K. In this case the tilting angle ¢, brings the
apical oxygen O1 nearer to some Pr atom at the y = 1/4 layer.
Moreover, ¢; tilts the basal plane CoO24 of the octahedron
towards a more vertical position moving the basal oxygens O2
towards the up (y = 1/4) and down (y = 3/4) Pr planes.

C. Pr3t/Pr*t and Co*5*/Co’* valence shifts: Electron
migration from Pr to Co at Ty

The absorption data at ambient temperature indicate an
essentially trivalent Pr in all cases.”>?® Electronic-structure
calculations reported by Knizek et al. indicated a certain
Pr(4f)-O(2p) hybridization already in metallic Pry sCay sCoO3
that produces a broadband 0.5 eV below Fermi level,
much broader than the corresponding Nd(4f) band in
Nd, 5sCagp 5C005.14 Although a precise determination of the Pr
valence would require very specific theoretical calculations,
we have parametrized the valence changes monitored in the
FY-XAS data from the intensity changes in the spectroscopic
features at 5967 eV (A) and 5978 eV (B). As in some previous
XAS studies of L3 edges (e.g., Yamaoka et al.>> and Richter
et al’®), the changes in Pr valence are estimated from the
relative ratio of intensities corresponding to A and B spectral
features, i.e., I, /I5.%° Both I, and I were obtained by fitting
the spectra with two Voigt functions after subtracting the
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FIG. 3. (Color online) (a) Evolution of the valence change of
praseodymium (in reference to RT, simply estimated as described in
the text) across the MIT in Prj sCag sCoO5 and Pry 5Y( 05Cag 45C00s3,
and in metallic Prjs55Cag45C005. The solid lines are guides to the
eye. (b) Comparison of the thermal dependences of the Pr valence
change and the Seebeck coefficient in Pry5CaysCoOs3,

steplike signal from the continuum. Undefined T-independent
contribution of extended x-ray-absorption fine structure to
the intensity of the B feature avoids exact quantification
of the Pr valence,”’” however, a simple estimation of the
change of the Pr valence (Av[Pr]) with respect to its value
at RT is feasible. The changes Av[Pr] estimated for all three
compositions are plotted in Fig. 3(a) as temperature decreases.
Decreasing temperature, between RT and Ty, the system
keeps its metallic state and according to Fig. 3(a) the valence
of Pr in Pry 5CagsCoO3 remains constant. As the temperature
approaches Ty, the Pr valence in Fig. 3(a) rapidly increases
and the estimated change is Av[Pr] &~ 0.26(2)e”. A broader
but similar transition is observed in Prys0Yg05Cag45C003
(Av[Pr] & 0.28(3)e™). The evolution below RT corresponding
to metallic Prg s55Cag45C00j3 is also shown in Fig. 3(a). This
compound does not show appreciable changes in the electronic
configuration of Pr.

Figure 3(b) displays a comparison of the electron migration
from Pr sites as obtained from absorption measurements with
the Seebeck coefficient («) as a function of temperature for
Pry 5CagsCo0s3. This figure clearly illustrates that changes in

PHYSICAL REVIEW B 84, 045104 (2011)

1 0 F T T T T T T T T T T T T —
Co L, edge
. — 10K
0 —— 55K
c — 100K
> ——200K
-(% —300K
> % 300k SrCo0 |
= s
c
o \
£ 10K <
Co L, edge AgCOOZ
780 785

0.0 . . .
778 779 780 781 782 783 784 785 786 787
Photon Energy (eV)

FIG. 4. (Color online) Co Lj-edge spectra of PrysCagsCoO;
across the transition. The RT spectra of SrCoO; and AgCoO,
(Ref. 30) are shown for comparison.

the oxidation state of praseodymium are perfectly simultane-
ous to changes in the Seebeck coefficient. At RT we obtain a
Seebeck coefficient @ & +15 uV/K. On cooling, the linear
metallic behavior of «(T) ends with a sharp increase (reaching
430 wV/K) when a fraction of electrons with 4f symmetry
start leaving Pr atoms to reach Co(3d)-O(2p) bonds. The
charge-transfer process extends over the interval 61-100 K
in Fig. 3(b).

So, XAS data reveal that the strong Pr-O bond contraction
detected at Ty by neutron diffraction is due to a significant
overlap between the Pr 4f wave functions and selected oxygens
that abruptly shift the Pr valence towards the tetravalent 4 f!
state.”® As the electrical neutrality requires, Co L3 XAS spectra
of Pry5Cag5Co0;3 confirm that the electronic migration from
Pr is compensated by changes in the Co valence. Co Lj
XAS spectra recorded by using the ALICE diffractometer
chamber” on PM-3 are shown in Fig. 4 as a function of
temperature. Important modifications show up at this edge
coinciding with the transition. As a guide for the valence
states of Co ions, the changes in Fig. 4 are compared to the
reference compounds SrCoO; (Co**) and AgCoO, (Co**)
(from Ref. 30). The spectra of these formally tetravalent and
trivalent systems at RT mainly differ in the intensity of the
shoulder at 2eV below the main peak. A clear loss of intensity
in the shoulder at ~780.7 eV (2 eV below the maximum) has
been detected at the MIT in Pry 5Cag 5Co0O; as expected from
a charge transfer from Pr to Co sites. Outside the temperature
window of the transition the spectra shown in Fig. 4 hardly
change.

Figure 5 shows the temperature dependence of the Co
Ls-edge FY-XAS intensity measured at 780.7 eV, where the
largest specific contribution from Co** valence is expected.*
For comparison the figure also depicts the evolution of the
valence shift inferred from Pr L3-edge data. From this plot it
is apparent that the 7 dependence of the Co Lj3-edge feature
follows exactly the T dependence of the Pr valence confirming
anidentical origin. Moreover, the sudden strong decrease of the
Co intensity on cooling consistently agrees with a substantial
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FIG. 5. (Color online) Temperature dependence of the Co
Ls-edge FY-XAS intensity at 780.7 eV [larger contribution for Co**
than for Co®* (Ref. 30)]. The evolution is compared with the estimated
Pr valence shift as deduced from Pr L;-edge data in the same
Pry sCaj5Co0O; sample.

valence shift in Co sites towards the Co*" t26g electronic
state.

Neutron diffraction data and XAS spectra are thus consis-
tent and indicate that the average valence of cobalt should
decrease approaching the trivalent state. Moreover, the Co’*
IS state and the HS (high spin) are not favored in the
low-temperature phase because the smaller cell volume favors
enhanced crystal-field splitting between e, and ,, orbitals.’!
As aresult, the detected transfer of charges in Prg sCagsCoOs3
should correspond to % [Pr]4f2 + % [Co]tzsgeg1 + % [Co]tzsg
— % [Pr]4f! + [Co]tzﬁg per formula unit (f. u.). Namely, there
is a stabilization of the trivalent LS state of Co in the localized
phase induced by a destabilization of the trivalent valence
state of praseodymium. According to Fig. 3(a), electron migra-
tion is only partial: Pt +Co>> — 1 Prt? +Co’7~?, with
26 = Av[Pr] = 0.26e~. The drop in the susceptibility below
Tw is mainly a signature of the stabilization of the tfg state at
Co’7 sites (LS), but it is also due to a reduction of the moment
at Pr sites.

The present experimental results nicely agree with the
electronic-structure calculations by Knizek et al. in Ref. 14.
They predicted areduction of 3, (6*)* states around the Fermi
level, and their substitution at the critical temperature by a
narrow Pr 4f band.'* They anticipated that the gap could be
associated to a charge transfer between the Pr and Co sites.
Absorption data across the Pr L3 edge are consistent with the
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energy of Pr 4f bands being relatively near the Fermi level
in the metallic state, and a part of them becoming unoccupied
and shifted above Er below Tyi1. Simultaneously, concomitant
with the gap opening, some initially empty Co ,, symmetry
states move below Fermi level being occupied by electrons
originally in states of f symmetry. The result is a charge transfer
from Pr-4f to Co-3d-t,, states at Ty on cooling.

IV. CONCLUSION

In summary, x-ray absorption spectroscopy measurements
in PrysCapsCoO3; and (Pr,Y)ps55Cap45CoO3 compositions
reveal that the valence of praseodymium ions is stable and
essentially +3 (Pr [4f2]) in the metallic state, but abruptly
increases approaching the oxidation state +4 (Pr [4f!]) at
the MIT transition. This mechanism appears to be the driving
force of the metal-insulator transition. Moreover, the tilting
¢1 of CoOg octahedra is found to play a prominent role in the
occurrence of the valence change and the concomitant electron
localization.

Electrons leaving Pr sites are used to stabilize the trivalent
low-spin state of Co. The ground state at low temperature is
not realized through segregation of low- or intermediate-spin
Co** and low-spin Co** ionic species. Instead, the 73, (c*)"?
metallic state is substituted by a homogeneous Co’>~°
state stabilized by electron transfer from praseodymium:
3Pt 4 Co’? — PO 4+ Co’ 70, with 28 ~ 0.26¢ in
Pr0,5Ca0.5COO3.

Note added: Recently, we became aware of a paper by
J. Hejtmanek et al.*? in which the Schottky peak in the specific
heat of (Pr,Y)p7Cap3Co0O3 samples is studied. The result
indicates that the present conclusions also apply to lower Ca
dopings.
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