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Influence of the ionic size on the evolution of local Jahn-Teller distortions in cobaltites
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The thermodynamic and atomic structure properties of La;_,A,Co0; (A=Ba’* and Ca’*) with 0<x<0.5, a
class of compounds that exhibit magnetoresistance in the presence of an applied magnetic field, have been
investigated via magnetic and transport measurements and neutron scattering. While in the parent compound,
the Co* ion undergoes a spin-state transition from the low-spin ground state to a dynamic intermediate-spin
configuration thermally, with hole doping, the intermediate-spin state becomes static as evidenced by the
Jahn-Teller octahedral splitting of the Co-O bonds. The size of the split depends strongly on the tolerance
factor, where small or no Jahn-Teller distortions are observed in samples with small tolerance factors (i.e., Ca),
but as the tolerance factor approaches 1 (i.e., Ba), the bond split can be as much as 0.2 A. At the same time,
ferromagnetic ordering is also influenced by the tolerance factor. As it gets closer to 1, ferromagnetic coupling
is enhanced due to the straightening of the Co-O-Co bonds, where the angle becomes almost 180° that, in turn,
favors double-exchange interactions between Co ions. With the ferromagnetic transition, the system becomes
metallic and shows a negative magnetoresistance with field. As the tolerance factor is reduced from 1, the
ferromagnetic coupling is weak and the bond angle is about 160°.
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I. INTRODUCTION

The unusual properties displayed by transition metal per-
ovskite oxides are largely a manifestation of intricate elec-
tron correlation effects that govern most of their physical
functions. In particular, the class of perovskites that display
large field-induced magnetoresistance (MR) in the presence
of an applied external field is governed by competing inter-
actions between tendencies for strong localization via po-
laron formation and metallic itineracy' that lead to phenom-
ena such as phase separation and charge and/or spin stripe
formation. The effects pertaining to the MR perovskites are
not uncommon in nature as they have been observed in other
strongly correlated electron systems such as cuprates and
nickelates with direct implications to superconductivity.> The
perovskite cobaltites offer a venue to study many of the in-
tricate properties displayed by complex oxides. Compounds
such as La;_,A,CoO5, where A>* is a divalent cation such as
Ca, Ba, or Sr, are particularly interesting because of the com-
plexity that originates from the nearly degenerate spin-state
configurations that can occur in the Co** ion. It has been
known for several decades that the ground state of the Co®*
in the parent compound is the nonmagnetic low spin (LS),
S=0, tggeg state, and that a transition to paramagnetic behav-
ior upon warming (around 100 K) is caused by the thermal
excitation of magnetic spin states.>® A number of studies
have debated whether the thermally activated state is the in-
termediate spin (IS), S=1, tgge;, configuration, or high spin
(HS), S=2, t;‘geﬁ configuration, and a plethora of reports have
appeared in the literature recently, supporting one scheme or
another, making this a hotly debated issue.’=? As the hole
concentration is increased from x>0, the insulating, non-
magnetic ground state of the parent gives way to a metallic,
ferromagnetic-like state.33-4> This behavior is reminiscent
of manganites,*>** except that the parent compound in man-
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ganites is an antiferromagnetic insulator and the spin states
of Mn?*** are well known, whereas the evolution of the
Co’* spin states with doping is not well understood.

The addition of holes into LaCoOj5 through the substitu-
tion of a divalent ion for La** introduces Co** ions into the
lattice, and these are anticipated to acquire a LS, § =%, con-
figuration. Short-range ferromagnetic correlations develop
with low doping in La,_,A,C005,3 and a phase transition to a
ferromagnetic cluster glass at x~0.18 when A=Sr’¢ x
~0.20 when A=Ba,*! and possibly as low as x~0.05 when
A=Ca*' This magnetic transition is coincident with an
insulator-metal transition for A=Sr and Ba, while in the case
of Ca, it appears to occur for x>0.2 based on the data of
Ref. 41. The addition of charge carriers induces a magnetic
moment on the surrounding Co®* ions that changes their
electronic configuration. It has been argued that the S=1 spin
state is stabilized on the six Co®* ions surrounding a Co**
ion, thus forming a seven-site magnetopolaron in
La,_,Sr,Co0;,%4 and that the transition to a metallic ferro-
magnet results from the percolation of hole-rich ferromag-
netic clusters driven by double-exchange coupling between
IS Co** and LS Co**.? Yet, the presence of IS Co’* in the
doped compounds remains controversial as it has been re-
cently argued that HS Co’" is instead stabilized,> and the
mechanism by which either IS or HS is stabilized remains
unclear. At the same time, the extent to which the stabiliza-
tion of one state over the other is dependent on structural
changes that occur when La’* is replaced by a differently
sized ion has not been investigated, and this is the focus of
the present paper. In the parent compound, the energy levels
of the =0 state and the first excited state are determined by
the competition of the crystal field splitting, intra-atomic
magnetic exchange interactions, and the e,-2p hybridization.
It is reasonable to expect than when La®* ions are replaced
by a divalent dopant, changes that occur in the lattice will
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affect the relative strengths of the competing energies, i.e.,
subtle lattice expansion or contraction will change the
strength of the octahedral crystal field as well as the e,-O,,
hybridization. To address the role of the lattice, we can com-
pare the effects of doping with divalent ions of different
sizes. Electronically, the hole concentration can be increased
in the same way by the substitution of Ca**, Sr**, or Ba>* for
La3* (hereafter, we refer to these series as LCCO, LSCO, and
LBCO). However, the dopants differ significantly in their
nominal ionic radii of 1.18, 1.31, and 1.47 A in the IX coor-
dination, respectively,*’ while the nominal radius of La* is
1.216 A. This changes the tolerance factor and introduces
steric effects with important implications in the elastic en-
ergy and electron-lattice interactions.

Experimentally, an approach for carrying out an investi-
gation of the role of the lattice on the spin-state transition is
a close examination of the structure. This is because the IS
state (tggei,) has orbital e, degeneracy, making it Jahn-Teller
(JT) active; therefore, it is expected that the octahedral Co-O
environment will distort in an effort to relieve the orbital
degeneracy. As an example, a similar e, orbital degeneracy
of Mn** (t%ge;) ions in LaMnQy is relieved by a cooperative
distortion of the octahedra, and an orthorhombic or mono-
clinic lowering of symmetry occurs.*® HS and LS Co’* lack
e, degeneracy and are not JT active. Thus, the observation of
JT splitting in the cobaltite represents a signature of the IS
state. However, a number of diffraction studies have failed to
observe cooperative JT distortions in the average crystal
structure in LaCoO;, LSCO, or LCCO.**-3 For instance,
powder diffraction measurements of the parent compound,
LaCoOs;, have been reported in which the structure was re-

fined using rhombohedral (R3¢) symmetry.*’ In this symme-
try, all octahedral Co-O bond lengths have the same distance,
so no cooperative JT distortion is allowed. Recently, a
single-crystal x-ray diffraction study of the parent
compound?’ has suggested that a monoclinic phase resulting
from cooperative orbital ordering may occur in LaCoOs.

Likewise, it has been reported that LSCO has R3¢ symmetry
for all temperatures, at least up to a doping level of 50%.%!-2
LCCO, on the other hand, undergoes a low-temperature
phase transition to orthorhombic symmetry*'->3 (Pnma), but
this transition has been argued to have a steric origin. Only
one study of powder diffraction has reported JT distortions in
the average crystal structure for these cobaltites: the evidence
was provided by the observation of a tetragonal (P4/mmm)
lowering of symmetry in LBCO for x=0.5.* It is important
to note that although no evidence for JT distortions has been
observed in the average crystal structure, the local atomic
structure is a better tool to investigate JT distortions that are
not periodic in nature. The local atomic structure cannot be
obtained by usual Rietveld refinement of powder diffraction
data, but it can be determined by techniques such as the pair
density function (PDF) analysis of pulsed neutron diffraction
data or extended x-ray absorption fine structure (EXAFS).
Reports of both PDF'** and EXAFS> measurements on
LaCoOj; have identified local distortions of the Co-O envi-
ronment from that predicted by R3¢ symmetry above the
thermal spin-state transition temperature, which have been
interpreted as evidence for IS Co**. Likewise, JT distortions
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were identified by PDF analysis in LSCO,'** and by con-
sidering the peak splitting, the concentration of JT active
ions was estimated as a function of the hole concentration.
One of the major goals of the current work is to determine
the dependence of the JT effect on the ionic size in the
LCCO and LBCO series in an effort to understand how the
lattice couples with the magnetic and transport transitions.

In this paper, we report the results of measurements of the
magnetic, transport, and structural properties of LCCO and
LBCO in an attempt to determine the role of the structure on
the stabilization of the IS state and on the evolution of the
nonmagnetic, insulating parent into an itinerant ferromagnet.
We find that as the lattice expands and Co-O-Co bonds ap-
proach 180° in the average structure, a split develops in the
Co-O bonds in the local atomic structure as a function of
temperature, suggesting that the expansion of the lattice and
straightening of bonds promote the stabilization of the IS
state. The rest of the paper is organized as follows. In Sec. II,
the synthesis of powder samples and the details of our mag-
netization and neutron diffraction measurements are de-
scribed. In Sec. III A, the measurements of the magnetization
of LCCO and LBCO are discussed. In Sec. III B, the ferro-
magnetic reflections from neutron diffraction are compared
as a function of concentration in LCCO and LBCO. We show
that a weak reflection appears at a lower concentration in
LCCO than in LBCO, but that the intensity of the reflections
in LCCO saturates with a much weaker strength than in
LBCO and at a smaller doping concentration. In Sec. III C,
we report the results of Rietveld refinement of the average
crystal structure of LCCO and LBCO. Due to the significant
lattice expansion observed in LBCO, the crystal structure
approaches the cubic aristotype at large x, whereas a lower-
ing of the crystal symmetry to orthorhombic is observed in
LCCO. In Sec. III D, the local structures of LCCO and
LBCO are analyzed. A splitting of the Co-O bond lengths is
observed as the temperature is increased, which we interpret
as a signature of the presence of JT active, IS Co®" ions.
Based on the peak splitting, the fractions of Co ions that
become JT active are estimated as a function of temperature
and concentration. We argue that a higher fraction of JT ac-
tive ions exists in LBCO than in LCCO, which is, in turn,
related to the straightening of the Co-O-Co bonds and expan-
sion of the lattice. Finally, the results are summarized in Sec.
Iv.

II. DETAILS OF EXPERIMENT AND ANALYSIS

Polycrystalline LCCO and LBCO were prepared by solid-
state reaction, using a procedure similar to the one detailed in
Ref. 41. The proper quantities of Coz0,, La,05, and CaCO;
or BaCO; were ground together, pressed into a pellet, and
annealed at 850 °C in an alumina crucible for approximately
two days. Next, the pellet was cooled to room temperature,
crushed and ground, re-pressed into a new pellet, and an-
nealed at 1200 °C in an alumina crucible for approximately
two more days. As needed (generally two to three times), the
pellet was again cooled, ground, re-pressed, and annealed at
1200 °C. The last annealing at 1200 °C was done in a con-
trolled oxygen flow.
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FIG. 1. (Color online) Magnetization and resistivity measurements for Lay gCay,C00O5. In (a), the magnetization is shown for different
values of magnetic field as a function of temperature. It is evident that a ferromagnetic transition occurs at 7.~ 150 K. The temperature at
which the magnetization rises tends to increase with applied field. In (b), the resistivity is plotted for different values of magnetic field as a
function of temperature. A broad hump is observed at 7, and it is clear that the maximum of the hump shifts to higher temperature as the
field is increased. As the temperature is decreased below ~100 K, the resistivity increases, indicating insulating behavior. The temperature
at which the increase occurs is also dependent on the applied magnetic field.

The above preparation procedure worked well to make
single-phase samples of LCCO for x=<0.20. For x>0.20, a
very weak (at least for x<.30) secondary phase emerged,
which could not be identified; it was not one of the original
starting materials. This agrees with the report of Ref. 53 in
which a single-phase powder with x> 0.20 could not be syn-
thesized and that of Ref. 56 in which samples with x=0.40
and 0.50 had to be made by a citrate-gel method rather than
solid-state reaction. For our purpose, the secondary phase is
much smaller than the majority perovskite phase for x
=0.30 (less than 5%). Magnetization measurements were
made in dc mode using the ACMS option of a Quantum De-
sign Physical Property Measurement System. dc resistivity
measurements were made using a standard four-probe tech-
nique on very thin, sintered powder pellets.

A single crystal of Lag95Caj0sCoO5 was grown using the
floating-zone technique. Elastic single-crystal neutron scat-
tering measurements were made at the SPINS cold-neutron
triple-axis spectrometer at the NIST Center for Neutron Re-
search using a 3.6 meV neutron energy, 80"-80" collimation,
and three flat pyrolytic graphite blades as an analyzer. A Be
filter was placed before the sample and a BeO filter was
placed after the sample. The crystal symmetry is treated as
pseudocubic, and scattering was measured in the (hhl) plane.

Powder neutron diffraction was performed at the pulsed
neutron diffractometers, NPDF of the Los Alamos Neutron
Science Center and SEPD of the Intense Pulsed Neutron
Source in Argonne National Laboratory. The powder samples
were sealed with helium in vanadium cans and a hot-stage
displex was used. The data were collected at four sets of
detector banks. Rietveld refinement of the crystal structure

was carried out using the GSAS computer programs®’ and the
EXPGUI graphical interface.”® The lattice parameters, phase
fractions (when two phases were present), atomic positions,
isotropic thermal parameters, background coefficients, and
nonzero peak profile coefficients were refined. For PDF
analysis, detailed background measurements were taken with
the empty can, the displex, and a vanadium standard. From
the Faber-Ziman structure function, S(Q), the PDF, p(r), was
determined by Fourier transforming S(Q) into real space:

1 Qmax .
p(r)=po+ mfgmm 0[S(Q) - 1]sin(Qr)dQ, (1)

where p, is the number density and Q,,,, is the maximum Q
cutoff in the integral, 40 A~'. A damping function was used
to ensure that the integrand smoothly approached 0 at Q,,,,-
The steps in data analysis used to calculate p(r) were carried
out using the PDFGETN software.”®

III. RESULTS AND DISCUSSION
A. Bulk properties

The field dependence of the magnetization measured from
a powder and the resistivity measured from a sintered
pressed pellet of LajgCaj,Co0O5 are shown in Fig. 1. These
results are in agreement with those reported earlier.*! In Fig.
1(a), it can be seen that the magnetization increases below
~150 K, indicating a ferromagnetic transition.® It is evident
that the magnetic transition temperature increases with an
applied magnetic field. The saturation moment at 9 T is
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FIG. 2. (Color online) The transition temperature of LBCO as a
function of x. The values of T, were determined from the magneti-
zation measurements. Above x=0.2, changing the doping concen-
tration has little effect on 7. Representative magnetization data
(x=0.2) is shown in the inset under different applied fields.

~1.09u3, a value which is too large to be from Co** alone,
but is significantly smaller than that expected if all Co** ions
were IS or HS, suggesting that there is a mixture of Co®*
ions in LS and IS and/or HS configurations. As the sample is
cooled from room temperature, a broad hump is seen in the
resistivity around T, [Fig. 1(b)] corresponding to the transi-
tion to the magnetic state. As the temperature is lowered
further, the resistivity undergoes an upturn and significantly
increases as lower temperatures are approached. The tem-
perature at which the upturn in resistivity occurs depends on
the applied magnetic field; the upturn shifts to higher tem-
peratures with increasing field.

The transition temperature as a function of x for LBCO
powders is shown in Fig. 2. The transition temperature ex-
hibits only a weak dependence on x above x=0.2. The mag-
netization as a function of field for the x=0.2 composition is
shown in the inset of the figure. As can be seen in the inset,
an applied field increases the transition temperature similar
to the case of LCCO. The saturation moment in 8.5 T for x
=0.2 is ~0.95u, which is reduced from the saturation mo-
ment of LCCO in 9.0 T field for the same concentration.
However, this saturation moment increases upon doping to a
value of ~1.98up for x=0.5.

B. Magnetic diffraction

In the neutron scattering experiment, a magnetic contribu-
tion to the intensity will appear due to the interaction of the
magnetic moment of the neutron with the magnetic moment
of a crystal. In a magnetically ordered system, magnetic
Bragg reflections will be observed in the diffraction pattern
at temperatures below the transition. These are most easily
seen by subtracting the base temperature patterns from the
room temperature patterns. A particularly convenient reflec-
tion to study in this case is the (001), reflection because the
corresponding nuclear structure factor is so weak that no
nuclear reflection is observed from the powder. Therefore,
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FIG. 3. (Color online) The scaled (001),. magnetic reflections as
a function of doping for (a) LBCO and (b) LCCO. In LCCO, the
Bragg peak first appears at x=0.1 and then saturates around x
=0.2. On the other hand, in LBCO, the Bragg peak first appears at
x=0.2 and continues to increase in intensity until x=0.4.

when the room temperature data are subtracted from the low-
temperature data, only the magnetic reflection remains (we
do not have to worry about the Debye-Waller factor, a
change in the position of the reflection due to thermal expan-
sion, or an orthorhombic to rhombohedral phase transition).
The strength of the (001), reflection should reflect the degree
of ferromagnetic ordering. In order to accurately compare the
relative strengths of this magnetic reflection from different
samples, the magnetic reflection must be scaled by the
strength of the nuclear scattering from the sample. The scat-
tering from a nuclear reflection can be written as

1
10)="2|F(0)
nVv

; (2)

where Iy is a scaling strength factor, n, is the multiplicity of
the Bragg reflection, n is the number of atoms in the unit
cell, V is the volume of the unit cell, and Fy(Q) is the nuclear
structure factor for the Bragg reflection. Iy can be determined
from a Bragg reflection and then used as a scaling factor. The
(220), peak at 12 K (Q~3.25 A~") was used to calculate Iy
because it changes very little with the rhombohedral distor-
tion. This peak splits into the (202),, and (040),, peaks in the
Pnma phase, but the split cannot be observed within the
resolution of the diffraction experiment.

The scaled (001), magnetic reflections are shown as a
function of doping in Fig. 3 for (a) LBCO and (b) LCCO. In
LCCO, a weak Bragg peak appears in the sample with x
=0.1. The Bragg peak increases in intensity up to x=0.2, at
which point it appears to saturate because the intensity does
not increase further with x=0.3. On the other hand, in
LBCO, no magnetic Bragg peak is present in the x=0.1
sample, but in x=0.2, a weaker peak than in the LCCO re-
flection with the same concentration is observed. This is con-
sistent with the smaller saturation moment of LCCO reported
in Sec. III A. As the hole concentration is increased further,
the Bragg peak continues to increase until x=0.4, becoming
much stronger than the saturated value in LCCO. This indi-
cates that a higher degree of ferromagnetic ordering can be
achieved in the LBCO series.

The elastic neutron scattering data from a single crystal of
Laj 95Cag 05Co05 are shown in Fig. 4. The scattering inten-
sity observed at (001) is due to ferromagnetic correlations in
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FIG. 4. (Color online) Elastic scattering along (00L) around
(001) of x=0.05 of LCCO. At 5 K, a broad ferromagnetic intensity
appears, indicating the presence of static, short-range ferromagnetic
correlations. In the inset, the ferromagnetic order parameter is
shown by measuring the temperature dependence of the (001)
Bragg peak.

the crystal. At 5 K, broad ferromagnetic scattering is ob-
served around the (001) reflection that is superimposed with
nuclear scattering, while above the transition temperature, at
87 K, only nuclear scattering is present. The broadening oc-
curs due to the finite length of the ferromagnetic correlations.
Such scattering has also been observed in LSCO crystals in
the spin-glass phase.”® Since the magnetic scattering is much
broader than the instrumental resolution, the correlation
length can be estimated as the inverse of the half-width half
maximum of a Lorentzian fit to the scattering. We estimate
that at 5 K the correlation length is ~16 A. This correlation
length is significantly larger than that observed in LSCO for
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the same doping concentration, and corresponds to the cor-
relation length found in x=0.1-0.15 of the LSCO system.
Our observation of a finite correlation length indicates that
the magnetic state of Lag¢sCa5C00;5 is a spin-glass state,
rather than a ferromagnet, and conflicts a previous report of
Ref. 41. The order parameter of the ferromagnetic scattering
as measured at (001) is shown in the inset of the figure.

C. Crystal structure

The neutron powder diffraction patterns of LCCO were

refined using two crystal phases, Pnma and R3c. In Table I,
the refined phase fractions, lattice parameters, and atomic
positions are listed for a number of temperatures and concen-
trations. Based on this refinement and from results reported
by Burley et al.,’ a structural phase diagram is constructed,
which is shown in Fig. 5(a). At low temperatures, a phase
transition occurs from R3¢ to Pnma as a function of doping,
with a considerably large region in between where the R3c
and Pnma phases coexist. For x=0.1, mixed R3¢ and Pnma
phases are observed from ~100 K and below, though we
estimate that the phase fraction of Pnma was less than 5%
10 K; at 300 K, only the R3¢ phase is present. For x=0.15,3
a mixed phase is observed, but at x=0.2, the low-
temperature phase is entirely Pnma. Close to room tempera-
ture, mixed phases are observed for concentrations of x
=0.2; at higher temperatures, the crystal transforms entirely
to the R3¢ phase. The corresponding crystal structures for
R3¢ and Pnma are shown in Figs. 5(b) and 5(c). The unit cell
volumes and Co-O-Co bond angles are plotted in Fig. 6 as a

TABLE I. The results of the Rietveld refinement for La,_,Ca,CoO;. The listed parameters are defined as
follows: fg, phase fraction of R3c; ag and ag, R3¢ lattice constants; f, phase fraction of Pnma; and a,, b,,

and ¢,, Pnma lattice constants. The (6e) O position for R3¢ is given by (xg, %-xlg, 3): the (4c) La/Ca position

La 1

for Pnma is given by (xO , 4,11(“)&); the (4¢) O position for Pnma is given by (xo

4

29Y); and the (8d) O

position for Pnma is given by (xgz, y82,z32).
x=0.1 x=0.2 x=03

10 K 300 K 10K 300 K 550 K 10K 300 K 550 K
fr >95% 100% 0% 58% 100% 0% 46% 100%
ag(A) 5.347 5.373 5372 5.394 5371 5.390
ag 60.941°  60.765° 60.724°  60.601° 60.613°  60.475°
fo <5% 0% 100% 42% 0% 100% 54% 0%
ap(A) 5.366 5.380 5.360 5.374
bo(A) 7.605 7.621 7.599 7.614
co(A) 5.415 5.430 5.404 5.413
X9 0.198 0.200 0.199 0.202 0.198 0.203
X 0.017 0.014 0.014 0.011
5 -0.003  —0.001 -0.001 0.000
O 0.496 0.497 0.497 0.498
29! 0.059 0.057 0.060 0.053
xg? 0.272 0.269 0.271 0.269
o 0.031 0.030 0.030 0.030
2y 0.729 0.732 0.730 0.732
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FIG. 5. (Color online) (a) The LCCO structural phase diagram.
Circles indicate where data points were taken. The data points for
x=0.15 are taken from Ref. 53. The fading between colors is in-
tended to represent the uncertainty in the phase diagram. (b) The
crystal model for the R3¢ phase. (c) The crystal model correspond-
ing to the Pnma phase. Only the Co-O octahedra are shown.

function of temperature for three concentrations. For all the
temperatures and compositions measured, the Co-O-Co
angle lies between 160° and 165°. For x=0.1, where the

structure is at least 95% rhombohedral with R3¢ symmetry,
the Co-O-Co angles undergo a relatively minor increase with
temperature. However, for the x=0.2 and 0.3 samples, there
are two different Co-O-Co bond angles in the Pnma phase.
The concentrations that undergo a structural phase transition
exhibit a more pronounced temperature dependence of the
bond angles.

The crystal structure of LBCO was refined to be of the

R3¢ phase for all temperatures and concentrations, and the
results are listed in Table II. In the rhombohedral setting, the
degree of trigonal distortion that results from the tilting of
the oxygen octahedra about the cubic (111) axis can be well
described by the rhombohedral angle «. This is plotted in
Fig. 7(a) as a function of temperature for five different com-
positions. The refinement indicates that the degree of trigonal
distortion is reduced both with increasing x and temperature.
The samples with x=0.4 and 0.5 become almost cubic by
500 K. The lattice volume increases significantly with dop-
ing due to the large size of the Ba>* ions (not shown). As the
trigonal distortion is reduced, the Co-O-Co angle approaches
180° with increasing x. Earlier reports suggested that the
crystal symmetry of LajsBajysCoO5 is monoclinic below T,
due to cooperative JT ordering,* which is in contradiction to

our observation of an R3¢ phase using the NPDF instrument.
It is possible that the crystal structure is sensitive to oxygen
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FIG. 6. (Color online) Results of the Rietveld refinement of
LCCO as a function of temperature and concentration: (a) the unit
cell volume and (b) the Co-O-Co bond angles. Values derived from
the Pnma phase are shown in blue, while values from the R3¢ phase
are shown in red. The unit cell volume for the Pnma phase has been
divided by 2 due to the fact that it has twice as much volume as the

R3c unit cell.

stoichiometry so that differences in the sample synthesis pro-
cedure could affect the crystal symmetry. Recently, it was
shown that the different magnetic, electronic, and structural
phases could be tuned by the oxygen stoichiometry in
La,;;S1,,;C00;_5°%" while similar effects were previously
shown for the manganites.?

The size effect of the A-site cation plays an important role
in the magnetic and transport properties. In LCCO, where the
nominal size of Ca?* ions is smaller than La’*, the substitu-
tion induces a reduction in the crystal symmetry. On the
other hand, in LBCO, the Ba’* ion is significantly bigger
than La®* and the trigonal distortion is reduced with doping.

This can be understood by the tolerance factor:®3
A-0
=—F—=——— 3)
\2(B-0)

where A-O corresponds to the bond length between the cat-
ion at the A-site and oxygen, and B-O corresponds to the
bond length between the cation at the B site and oxygen in
the ABOj; perovskite structure. One often observes that in
perovskites, the symmetry of the structure is lowered to
rhombohedral or orthorhombic from the cubic aristotype
when <1, and this is the case for LCCO. However, the
addition of large Ba®* ions in LBCO increases the A-O bond
length, allowing ¢ to approach 1 and, thus, the trigonal dis-
tortion to be reduced. It has been shown that the A-O bond
expands more than the B-O bonds in many transition metal
perovskites, which also allows ¢ to approach 1.9 This ex-
plains the reduction of the trigonal distortion observed in
LBCO and LCCO (see the refined values of « in Tables I and
II) as the temperature is increased. The change in the unit
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TABLE II. The results from the Rietveld refinement for La;_,Ba,CoOj3. The listed parameters refer to the

R3c phase. The (6¢) O position is given by (xR,; xg,Z)
T a Vv

x (K) A) a (&%) 59

0.1 12 5.390 60.721 112.6 0.205
300 5413 60.575 113.6 0.207
500 5.434 60.490 114.7 0.209

0.2 12 5.424 60.439 114.0 0.213
300 5.440 60.351 114.8 0.216
500 5.458 60.274 115.7 0.219

0.3 12 5.447 60.182 114.8 0.225
300 5.463 60.132 115.6 0.228
500 5.477 60.088 116.4 0.233

0.4 12 5.461 60.182 115.3 0.236
300 5.478 60.061 116.4 0.242
500 5.491 60.080 117.2 0.246

0.5 12 5.476 60.077 116.3 0.246
300 5.494 60.072 117.4 0.247
500 5.508 60.068 118.4 0.248

cell volume is minimal with doping in LCCO, but a large
increase is observed in LBCO due to the large difference in p(r) = 5(” (4)

the A-site ion size between La** and Ba®*. The straightening
of bond angles in LBCO may result in the higher degree of
ferromagnetic ordering of LBCO with respect to LCCO, as
discussed in Sec. III B.

D. Local atomic structure

The PDF, p(r), contains information on the interatomic
correlations in crystals represented in real space. The experi-
mentally determined PDFs are compared to the model PDFs
calculated from®

‘ ©10% 430% ] [(b) ‘

60.8 (@) * 20% ¥ 40% (7) - _m---- {180
606 el W 50% v g.'
: e _ ] 1176
- e . o
5 60.4 U B 1472 9
el Lk 2
602 - _ Ep— 3
B S N 1168 &
60.0 Bo--- - -e---—"® @

' . . . . . . . . 1164

0 100 200 300 400 500 O 100 200 300 400 500

Temperature (K)

FIG. 7. (Color online) Results of Rietveld refinement of LBCO

as a function of temperature and concentration. The R3c lattice
parameter, «, is shown in (a). The deviation of a from the cubic
value of 60° provides an indication of the degree of trigonal distor-
tion. It is clear that either increasing the temperature or increasing
the doping reduces the degree of trigonal distortion. In (b), the
Co-O-Co bond angles are shown. These bonds significantly
straighten with doping.

<b>2

that uses unit cell dimensions and atomic coordinates deter-
mined from the Rietveld analysis as input to the model. The
sum is taken over all pairs of atoms 7 and j, b is the neutron
scattering length for the jth atom, and (b) 1s the average
scattering length. The finite instrumental resolution and
atomic vibrations lead to broadening of the delta functions.
No assumption of periodicity need be made to obtain p(r), so
this function describes the local atomic structure rather than
the average, long-range crystal structure. In Fig. 8(a), the
experimentally determined p(r) is plotted for Lag ¢Bay ;CoO5
along with a model based on the crystal structure determined
by Rietveld refinement assuming a Gaussian broadening of
the delta functions. The model can be decomposed into par-
tial PDFs corresponding to bonds between different types of
atoms, as shown in Fig. 8(b), where the total PDF is equal to
the sum of all the partial PDFs. While there is some discrep-
ancy between the experimental PDF and the model in the
widths of the peaks (this is because all experimental peaks
do not have the same width), all peaks in the experimental
PDF are reproduced by the model PDF, and there is good
agreement between the local atomic structure and the long-
ranged crystal structure.

From Fig. 8(b), it can be seen that the first peak in the
PDF is well isolated from all other peaks and corresponds to
the nearest neighbor (octahedral) Co-O bonds. The region of
the PDF corresponding to the octahedral Co-O bonds is plot-
ted at 12, 300, and 500 K for LBCO in Fig. 9. At 12 K, the
Co-O peaks appear to be almost symmetric, signifying that
there is only one type of Co-O bond length at the concentra-
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FIG. 8. (Color online) (a) Experimental and model PDFs for
Lag¢Bay CoO5 at 12 K. (b) The model partial PDFs indicate the
pairs of atoms that contribute to the various peaks in the PDF. The
sum of all the partial PDFs gives rise to the total model PDF and is
compared to the experimental data of (a). Note that the first peak in
the PDF has no other contribution than from the Co-O bonds.

tions shown. The Co-O peaks are expected to broaden sym-
metrically if the broadening is simply due to increased ther-
mal vibrations with increasing temperature. However, this is
not the case as a clear asymmetry is present at the 300 and
500 K data shown; the asymmetry comes from the formation
of a shoulder on the right side of the Co-O peak due to the
formation of long Co-O bonds. The effect is apparent at x
=0.1 at 300 K, but is even more pronounced at x=0.2 and
x=0.4. The development of a shoulder in the PDF indicates
that the Co-O bonds are split into long and short bonds when
the temperature is increased.

The split of the Co-O bond is a consequence of static JT
distortions invoked in order to break the e, orbital degen-
eracy that, in turn, stabilizes the IS state. With doping, some
of the Co’" ions (tg eg) in the ground state nominally trans-
form to Co** (tggegg proportionally with x. The rest of the
Co’* ions can either stay in the LS state or activate to the IS
or HS states. The static JT distortion resulting from the single
occupancy of the e, orbital can be either from C03+(t§ge;)-0
or C04+(t‘2‘gei,)-0 complexes or both. In order to estimate the
number of sites that are JT active, the octahedral Co-O peaks
in the PDFs were fitted by Gaussian functions as shown in
Fig. 10. At 12 K, the PDFs for x=0.1, 0.2, 0.3, and 0.4 in
LBCO were fitted by a single Gaussian function due to their
relatively symmetric peak shapes. At 300 and 500 K, the
asymmetry becomes clear and two Gaussian functions were
used to fit the PDFs, except for the x=0.3 PDFs which did
not show any significant asymmetry. The x=0.3 is a unique
case, and similar observations were made for this composi-
tion in the LSCO system in Ref. 14. For x=0.5, the peak
asymmetry extends all the way down to 12 K, so two Gaus-
sians were used to fit the 12 and 300 K data. However, at
500 K, significant intensity is observed on the left side of the
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FIG. 9. (Color online) The first PDF peak corresponding to the
Co-0 octahedral bonds is shown at 7=12, 300, and 500 K for the
LBCO system at three different concentrations. The nearly symmet-
ric peak at 12 K broadens asymmetrically at 300 and 500 K due to
the formation of a shoulder on the right side. This is observed for all
X.

main Co-O PDF peak that prevented a reasonable fit by ei-
ther two Gaussian functions; therefore, it was fitted by three
Gaussian functions. This shows that there are three Co-O
bonds for the 50% LBCO sample at 500 K. Since there are a
number of ways to fit multiple Gaussians to the data with a
similar quality of fit, constraints of the fitting parameters
were applied. When two or three Gaussian functions were
used to fit the PDFs, the Gaussian used to fit the short bonds
was constrained to have the same o as the one used to fit the
short Co-O bonds in x=0.1 at 12 K. This composition was
chosen because the Co-O peak was symmetric. The con-
straint was relaxed for one case, the x=0.2 at 300 K that
required a o that was smaller than the constrained value. The
fitted peak positions are shown in Fig. 11 along with the
Co-0 bond lengths obtained from the Rietveld refinement. At
12 K, there is very good agreement between the average
bond length and those obtained from local atomic structure
of x=0.1, 0.2, 0.3, and 0.4. For x=0.5, however, two Co-O
bonds are present even at 12 K. At higher temperatures, only
one average bond length is obtained from the Rietveld re-
finement, while two bond lengths are obtained from the PDF
analysis up to x=0.4. The average bond length is close to the
short Co-O bonds. In the case of x=0.5, three local bond
lengths are obtained from the PDF analysis at 500 K, while
the average bond length matches only the middle local bond
length obtained from the three Gaussian fits of the PDF.

Since the octahedral Co-O peaks are well separated from
any other peak in the PDF, the number of bonds that contrib-
ute to the Co-O peak can be calculated from
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1 FIG. 10. (Color online) Gaussian fits of the
] Co-O experimental peak for LBCO at several dif-
ferent concentrations and as a function of tem-
perature. The experimental data are shown in
solid line and the Gaussian fits are shown in dot-
ted lines.
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where the index i denotes either the short bond or long bond,
and c, is the Co concentration in the unit cell. Because this
is a perovskite structure, the sum of short and long bonds
should be 6. Assuming that a JT active Co ion has four short
bonds and two long bonds, the fraction of Co ions which are
JT active is given by

fJT:Nlung/z' (6)

The fraction of JT active Co ions is shown in Fig. 12 as a
function of temperature and concentration for LBCO. At the
lowest temperature, no JT sites are active up to x=0.4. This
serves as a strong indication that the Co** ion introduced in
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FIG. 11. (Color online) The Co-O bond length as a function of x
of the LBCO system. The bondlengths derived from fits of the
PDFs are shown in solid circles, while the bond lengths from Ri-
etveld refinement are shown in solid triangles.

1.8 1.95 2.1

the lattice with the substitution of trivalent La** is not JT
active; otherwise, one would expect even at the lowest mea-
sured temperature a one-to-one correspondence of JT active
ions with doping, x. For x=0.5 however, there are JT distor-
tions even at 12 K, where we estimate that nearly 50% of the
ions are JT active. With increasing temperature, the percent-
age of JT sites increases rapidly with x. Increasing the tem-
perature even further almost saturates the lattice with JT sites
as almost all sites are JT distorted for almost all x. This result
is quite surprising as it would suggest that both Co** and
Co** ions are JT distorted by 500 K. Looking at composi-
tions individually, for x=0.1, only a small fraction (approxi-
mately 25%) of the Co ions are JT active at 300 K. However,
at 500 K, the fraction increases significantly and nearly all of
the Co ions are JT active. As x is increased to 0.2, the frac-
tion of JT active ions increases to approximately 55% at
300 K. Neglecting the x=0.3 data, the fraction slowly in-
creases with further increase in x at 300 K and reaches a
value of 75% at x=0.5. By 500 K, almost all sites are dis-
torted. The x=0.5 sample deserves special attention and will
be discussed in a forthcoming paper.
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FIG. 12. (Color online) The percent of JT active sites in the
LBCO system obtained from the integrated intensity of the area
under the Co-O peaks at 12, 300, and 500 K.
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FIG. 13. (Color online) The first PDF peak corresponding to the
Co-0O octahedral bonds is shown for LCCO at 10, 300, and 550 K.
The peaks are somewhat asymmetric, but are not as asymmetric and
do not show a clear split as in the LBCO system.

The temperature and compositional dependence of the lo-
cal atomic structure of LCCO is shown in the region in space
that includes the octahedral Co-O peaks (Fig. 13). At 12 K,
there is a single Co-O bond length at all x. Note that the x
=0.1 composition is predominantly rhombohedral at this
temperature, whereas the x=0.2 and 0.3 compositions are
entirely orthorhombic. This shows that the thombohedral to
orthorhombic phase transition has little effect on the Co-O
bonds. At 300 K, while the crystal structure changes with x,
the data can be fitted well with a single Co-O peak. At
550 K, it is clear that a distinct shoulder appears at x=0.2,
signifying the development of long Co-O bonds as in LBCO.
The fits for the LCCO PDFs are shown in Fig. 14. The frac-
tion of JT active ions in x=0.2 LCCO at 550 K is estimated
to be nearly 100%. At the same time, the Co-O peak in the
x=0.3 sample appears symmetric at all temperatures as in
LBCO and LSCO.'*

Our estimate of the fraction of JT active ions based on the
bond splitting clearly shows that it increases rapidly with
temperature. This is consistent with the thermal population
of the IS state. This indicates that if all sites are JT active,
then both Co** and Co** ions must be in the IS state. The
question that arises from this is what happens at low tem-
peratures. No sample other than the x=0.5 sample in the
LBCO system shows a clear evidence for JT active ions at
12 K. This may be related to dynamics where the e, orbitals
and the lattice are coupled dynamically by phonons that re-
sult in events outside the integration window of the diffrac-
tion experiment. As a result, the peaks appear symmetric as
in the x=0.3 case for all temperatures because of dynamics.
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FIG. 14. (Color online) Gaussian fits of the Co-O experimental
peak for LCCO at several different concentrations as a function of
temperature. The octahedral Co-O bonds are reasonably well fitted
with one Gaussian except for the x=0.20 at 550 K, where a clear
long Co-O bond length is observed.

When dynamic events occur within an energy window that is
close to the energy integration limits set by the kinematics of
the experiment, the PDF fluctuates erratically. Typically, the
PDF can be determined from data collected at individual
detector banks, without merging all groups together, and
shows very little change from one detector group to another.
However, in the case where dynamical fluctuations are
present in the system, the PDF varies significantly with de-
tector group because the integration window changes with
angle. This serves as an indication that dynamic processes
occur. The dependence of PDF on dynamics has been previ-
ously discussed in Refs. 14 and 45. At the same time, the
low-temperature phase is associated with metallic transport,
where charges are not likely to be localized on one Co site
for long to create localized IS states.

Our room temperature data for LBCO suggest that in-
creasing the doping levels results in a larger population of
stabilized IS ions since the trend is for the estimated fraction
of JT ions to increase with doping. However, for the same
levels of doping, less asymmetry is observed in the LCCO
series, which eliminates the variables of hole concentration
and temperature and shows explicitly that the stabilization of
IS is dependent on structural changes that occur due to dif-
ferently sized dopants. Namely, the stabilization of IS ap-
pears enhanced by a straightening of the Co-O-Co angles and
the expansion of the lattice.

There are two possible ways that may contribute to the
stability of the IS state. One is through the formation of
seven-site magnetopolarons as discussed in Refs. 45 and 46.
If the Co**-O%~ octahedra contract because of the somewhat
smaller size of Co** ion, then the IS state can be stabilized
on the six nearest neighboring Co®* ions.*> How far the mag-
netopolarons can propagate through the lattice may depend
on a second mechanism which depends on the crystal struc-
ture. One could wonder how do Co®* ions that are far away
from Co** sites, such as in hole-poor regions, become af-
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fected thermally. Take the undoped cobaltite, LaCoO3, and
then start reducing the trigonal distortion, straightening the
Co-0O-Co bonds, and expanding the lattice (without holes):
these effects will affect the competing energy mechanisms
that determine whether IS and/or HS or LS is the ground
state. In the case of LCCO, the magnetopolarons appear to
be more localized, and this may be associated with the small
size of Ca”* ion. In the case of LBCO, the magnetopolarons
become extended, aided by key structural changes described
above. It is also the case that the Co-O split in LCCO is
smaller than in LBCO.

IV. CONCLUSIONS

The results discussed in this paper reveal that there are a
number of important differences in the magnetic, transport,
and structural properties of cobaltites with differently sized
dopants. The most fundamental difference between LCCO
and LBCO is that, starting from a rhombohedral parent, the
crystal structure of LCCO undergoes a reduction in symme-
try to an orthorhombic phase at low temperatures with dop-
ing, whereas the crystal structure of LBCO steadily ap-
proaches the cubic aristotype with doping. As a result, the
Co-O-Co bonds remain significantly bent in LCCO but be-
come straightened in LBCO, and the lattice volume signifi-
cantly expands in LBCO, whereas it does not in LCCO.
These points form a basis which can be used to explain the
differences in electronic and bulk properties between the two
series.

The crystallographic effects have an impact on the devel-
opment of ferromagnetism and metallicity. In LCCO, or-
dered ferromagnetism appears for as little doping as x=0.1,
evidenced by the appearance of a (001) ferromagnetic Bragg
peak in the neutron diffraction pattern. However, the (001)
peak saturates to a weak value around x=0.2, near the point
where the crystal structure becomes fully orthorhombic at
low temperature. Thus, it is likely that the orthorhombic
phase transition inhibits further development of ferromag-
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netism with doping in LCCO. The bent Co-O-Co bonds re-
strain the double-exchange mechanism and charge hopping,
a notion which is further strengthened by the transport mea-
surements of LCCO, where an upturn in the resistivity, char-
acteristic of insulating behavior, is observed below 100 K in
LajgCaj,Co00;3. The field effect on the upturn temperature
causes positive magnetoresistance below 100 K. Since this
positive magnetoresistance had not been observed in previ-
ous reports of LBCO or LSCO, this suggests that this effect
is directly related to the orthorhombic phase transition in
LCCO. On the other hand, ordered ferromagnetism is slower
to appear in LBCO, where a weak Bragg peak is first ob-
served around x=0.2; nevertheless, this peak continues to
increase with doping and saturates with a much larger mag-
nitude around x=0.4. Thus, the continued straightening of
Co-O-Co bonds in LBCO enhances the double-exchange
mechanism, which promotes ferromagnetic ordering. To con-
clude, our analysis of the local structures uncovered a ther-
mally induced asymmetry in the Co-O bonds in both series,
which we argue results from the presence of JT active IS
ions. We suggest that IS ions are stabilized by (1) the forma-
tion of magnetopolarons in hole-rich regions and (2) by long-
range crystallographic changes in hole-poor regions.
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