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The layered cobaltites La,_,Sr,CoO, have been complexly studied over the range of mixed Co

34+ valency

and their properties discussed in comparison with cubic perovskites La;_,Sr,CoO3. The sample x=1.0 exhibits
a paramagnetic ground state based on the intermediate spin state of Co>* and undergoes a broad resistivity
transition at 400—900 K, associated with diffusive changes of magnetic susceptibility and volume expansion.
The Co** doping in samples with x> 1 induces gradually ferromagnetism and leads to a dramatic decrease of
resistivity and thermopower, though the metallicity is not achieved. The neutron diffraction on the limit
composition x=1.4 suggests that the long-range ordered ferromagnetic regions coexist with paramagnetic ones,
and their amount changes little with an application of high pressures up to 4.3 GPa.
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I. INTRODUCTION

Transition metal oxides with 3d electrons exhibit unusual
magnetic and transport properties due to the subtle balance
between the crystal-field-splitting Acg, the on-site Coulomb
repulsion expressed by Hubbard parameter U and the energy
of charge transfer between transition metal and oxygen,
Arm.o. Particularly interesting are perovskite cobaltites
where octahedrally coordinated Co®* ions can exist in three
spin states—the nonmagnetic low-spin state that corresponds
(in the limit of fully localized electrons in strong crystal
field) to filled 1,, levels and empty e, low-spin states (LS,
1746 €40, S$=0), and two magnetic states that correspond either
to the intermediate spin (IS, 7,45 €,1, S=1) or to the high-spin
states (HS, 1544 €42, S=2). Similarly for Co™, two spin states
are possible, LS (5,5 €,0, S=0.5) and IS (1544 €,1, S=1.5)
while Co®* ions are reported always as HS (f5,5 €2, S=1.5).

The cobaltite system under study belongs structurally to a
broader class of Ruddlesden-Popper series (AO)(ABOs),.
Ruddlesden-Popper phases are formed by n-layer slabs of
perovskite ABOj;, which are separated by the rock-salt layer
AO.! For the magnetic and transport properties, it is espe-
cially important that the presence of the AO layer disturbs
the three-dimensional (3D) periodicity of the perovskite
structure. The end members of the Ruddlesden-Popper
series, La,_Sr,Co0O, (n=1, see Fig. 1) and La,_.Sr,CoO;
(n=20), represent thus closely related systems with quasi-
two-dimensional (2D) and 3D character, respectively.

The n=c compounds La;_ . Sr,CoO; have been studied
more extensively than the n=1 system La,_,Sr,CoO,, among
other reasons due to its easier preparation, especially for the
phases with higher oxidation state of Co. The LaCoO;5 per-
ovskite (x=0) is a diamagnetic insulator based on the LS
Co** ground state, and undergoes transition to a paramag-
netic state at around 100 K due to thermal population of IS
and/or HS exited states.>® With increasing x, i.e., with the
Co** doping, the ferromagnetic interactions are induced.
First, only isolated hole-rich ferromagnetic regions are
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formed in the hole-poor diamagnetic matrix at low tempera-
tures. Such systems behave as superparamagnets. The bulk
ferromagnetism and metallic conductivity are unambigu-
ously achieved for higher dopings, x=0.3.4°

In the single-layered perovskites La,_,.Sr,CoO,, the va-
lence of Co can be varied over much larger range, hypotheti-
cally from Co** for x=0 to Co*" for x=2. Extensive data are
available for the Co**** region x=0-1. La,CoO, perovskite
(x=0, Co?") is an antiferromagnetic insulator with Ty
=275 K.% The mixed Co**/3* valency in the 0 <x <1 region
brings about magnetic disorder, and spin-glass behavior is
found below 100 K for these systems. The electric conduc-
tion remains of an activation character. The absolute resistiv-
ity steeply decreases with increasing Co®* content. The mag-
netic and electronic data suggest that Co** ions are in HS
state while Co** ions gradually change with x from HS to IS
state.” 1!

On the other hand, there are less reports concerning the
Co**'** region of La,_,Sr,Co0O, in a composition range up to
x=1.4-1.5. Similarly to 3D perovskites La;_.Sr,CoOs3, the
Co** doping is associated with the onset of ferromagnetic
order that occurs at around 150 K.'>!3 Early reports on the
electrical transport properties concerned the nominal compo-
sitions x=1.0 and 1.5 only.” For the x=1.0 sample the room
temperature resistivity pszgo x ~ 500 m{) cm and the activa-
tion energy of Ep~0.44 eV are determined, while much
lower values psgy g ~ 10 m{) cm and E, ~0.11 eV are found
for x=1.5. Very recently, a systematic low-temperature in-
vestigation in the range x=1.0—1.5 was published by Shi-
mada et al.'"* The present work provides an alternative study
of the La,_,Sr,CoO, system in the region of Co’*** mixed
valency by means of the x-ray diffraction, measurements of
magnetization, electrical conductivity, and thermoelectric
power at low and high temperatures. We exemplify how the
quasi-2D character of the samples modifies the low- and
high-temperature properties, as compared to their 3D coun-
terparts with a similar extent of hole doping. For a selected
composition x=1.4, the neutron diffraction experiments at
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FIG. 1. (Color online) The crystal structure of K,NiF,-type.

ambient pressure and up to 4.3 GPa yields information on
the long-range ferromagnetic ordering.

II. EXPERIMENT

The samples La,_ Sr,CoO, were prepared for
1.0s=x=<1.5. As a first step, fine grain precursors have been
made by a sol-gel method. The corresponding amounts of
La,03, SrCO;, and Co(NO3), were separately dissolved in
nitric acid. The solute was mixed with citric acid and
ethylene glycol in the ratio of (2—x[La]+x[Sr]+[Co])/1.5
[citric acid]/2.25[ethylene glycol] and pH factor was ad-
justed to 9 by the addition of NH,OH. In the next step, the
gel was made by the evaporation of water at 80-90 °C.
After drying at 160 °C and calcination at 400 °C (4 h in
air), the resulting powder was ground, pressed into pellets,
and sintered at 1000 °C for 100 h in an oxygen atmosphere.
The x-ray diffraction analysis (Bruker D8, CuKa, SOL-X
energy dispersive detector) detected the single n=1
Ruddlesden-Popper phase up to x=1.4. In the case of x
=1.5, traces of unknown impurity were observed. Conse-
quently, more detailed investigation of physical properties
was performed up to the limit x=1.4. Simultaneous measure-
ments of the electrical resistivity and thermoelectric power
between 10—1000 K were performed in a close cycle refrig-
erator (up to 300 K) or using a small tubular furnace with
precisely controlled temperatures. The standard E-type (K-
type) thermocouples were used for the monitoring of a tem-
perature gradient, imposed across the sample by means of an
additional heater. In both cases the four-point steady state
methods for the electrical resistivity were applied.

The low-temperature magnetic measurements were done
using the SQUID magnetometer. Magnetization curves were
measured in fields up to 5 T, the DC susceptibility was mea-
sured at fields of 0.01, 0.1, and 1 T. The measurements
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on samples x=1.0 and 1.1 revealed some ferromagnetic
(La,Sr)CoO; impurity (7-=250 K). Its molar concentration
in the studied materials was estimated to be about 0.3% in
maximum. Despite of such very low value, the parasitic fer-
romagnetism could influence the measurements at 0.01 T,
and higher fields were applied in order to saturate the impu-
rity magnetization and to allow a separation of intrinsic para-
magnetic susceptibility in samples x=1.0 and 1.1 below
250 K. Alternative data on the low-temperature paramag-
netic susceptibility, practically insensitive to the impurity,
were obtained by differential measurements at two close
fields 1 and 1.25 T. Finally, the high-temperature suscepti-
bility of La,_,Sr,CoO, (up to 800 K) was measured at a field
of 1 T using a compensated pendulum system, MANICS.

Lattice parameters and atomic coordinates within the
I4/mmm space group symmetry were determined at room
temperature by x-ray powder analyses using the FULLPROF
program. The neutron diffraction has been performed on a
selected sample x=1.4 on the diffractometer KSN-2 at room
temperature using an improved resolution and neutron wave-
length A=1.363 A. The study was completed down to low
temperatures, both at normal pressure and up to 4.3 GPa, on
the high pressure diffractometer DN-12 at pulsed reactor
IBR-2. The time-of-flight spectra were taken using two de-
tector banks situated at scattering angles 239=45.5° and 90°,
covering a broad range of interplanar spacings d=1-10 A.
The experimental data were analyzed with the Rietveld
method using the MRIA and FULLPROF programs.

II1. RESULTS
A. Structural parameters

The crystal symmetry of La,_ Sr,CoO, is tetragonal
(space group I4/mmm). Cobalt ions are coordinated by an
elongated oxygen octahedron with four Ol ligands in the
equatorial plane and two more displaced O2 ligands in the
apical direction along the ¢ axis. La, Sr ions are in a nine fold
coordination with four oxygen O2 sites in the equatorial
plane, one O2 site in the apical position, and four O1 sites
directed to the opposite demisphere (see Fig. 1). Lattice pa-
rameters observed at room temperature are shown in Fig. 2.
The calculated bond lengths are displayed in Fig. 3.

The unit cell volume is monotonously decreasing over the
range x=1.0—1.5. The evolution of lattice parameters is more
complex. There is a rapid contraction of parameter a up to
x=1.2, which is partially compensated by an enhancement of
parameter c. For higher x the parameter a saturates almost at
a constant value, while ¢ reaches a local maximum and then
decreases. Similar lattice parameters of La,_ Sr,CoO, are re-
ported in.'* In earlier reports,'>!> a similar trend of lattice
parameters is observed but there is a distinct shift in the
absolute values that may be associated with differences in
sample preparation.

For the understanding of the complex lattice evolution
with x, two individual contributions have to be considered:
(i) the Co ionic radius is reduced due to oxidation Co**
—Co™*, (ii) at the same time La®* (r(La’*)=1.216 A) is be-
ing replaced by larger Sr>* [r(Sr>*)=1.31 A]. This latter ef-
fect is demonstrated in Fig. 3 by an increase of the average

134414-2



STRUCTURAL, MAGNETIC, AND TRANSPORT...
3.804 - O /V\ :D_a
3.802 \

g - \ 41251 g
©  3.800 E\j v ©
- 4 12.50
—
T

3.798 -

— 12.53

12.52

; t f ; — 1249

L @
180.8 .

180.6

180.4 - \ R

L
10 11 12 13 14 15
x (Sr)

cell volume (A%
T
/.
Il

FIG. 2. The lattice constants and the unit cell volume for
Laz_XSrXCOO4.

La/Sr-O bond with x in a rate which is in good agreement
with the above-mentioned La, Sr radii. The evolution of
Co-0O1 equatorial distance and La/Sr-O2 equatorial distance
is identical with that of a parameter. Observed shortening of
these bond lengths for x< 1.2 can be attributed to the reduc-
tion of Co®*/** ionic radius, considering that the (La, Sr)O
planes in the La,_,Sr,CoQO, structure for x~ 1 are in a tensile
stress while the CoO, perovskite plane is under compressive
stress. The reduction of Co’*** size acts thus primarily on
the equatorial Co-O1 distances. The decrease is saturated at
higher x due to competition with the enlarging size of the La,
Sr-site. Then, the Co-O2(apical) distance starts to decrease
more steeply. In the case of La/Sr-O1 bond, the influence of
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FIG. 3. (Color online) Lower panel: Co-O bond lengths in
La,_,Sr,CoOy. Upper panel: The change of the (La, Sr)-O bond
length relative to the x=1 sample.
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FIG. 4. (Color online) The electrical resistivity and local activa-
tion energy defined as E,=d(Inp)/d(1/T) for La,_,Sr,CoO,.

competing Co-Ol(equatorial) is smaller so the bond in-
creases rather quickly up to x=1.4. As concerns the apical
bonds forming Co-0O2-La/Sr-O2-La/Sr-O2-Co-... chains
along the ¢ axis, the stacking of perovskite and rock-salt
layers does not pose any structural constraints and the effect
of the La, Sr-site expansion is straightforward, leading to a
steady increase of La/Sr-O2 apical distance.

B. Electrical resistivity and thermopower

The electrical resistivity data measured up to 900 K are
shown in Fig. 4. The displayed curves evidence for all
samples an activation character of the electric transport that
persists in the whole temperature range. Even if the tempera-
ture dependence seems to be monotonous, the calculation of
local activation energy defined as E,=d(Inp)/d(1/T) (see
inset of Fig. 4) shows for the nominally single valent (Co>*)
sample x=1.0 a broad peak centered at around 650 K. This is
a clear signature of diffusive electronic transition originating
from the electron and/or hole excitations in this essentially
nonconducting sample. A similar but much narrower transi-
tion was observed in LaCoO; at 535 K.'® When holes are
introduced by increased strontium doping in La,_ Sr,CoOy
(x>1), the room-temperature electrical resistivity decreases
significantly (simultaneously with a drop of activation en-
ergy) down to a quasimetallic value ~10 m{) cm for x=1.4.
(This absolute value is about one order of magnitude lower
than reported for the same composition in Ref. 14; the low-
temperature localization is otherwise similar.)

The thermopower data, displayed in Fig. 5, are coherent
with the resistivity changes. All the samples x=1.0-1.4
show the temperature dependence of an activation type.
Nonetheless, a thermodynamical turn down towards zero at
low temperatures points to the absence of the energy gap; in
other words, there is a final density of states at Fermi level,
persisting down to the lowest temperatures. The maximum
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FIG. 5. (Color online) The thermoelectric power in

La,_,Sr,CoOy.

thermopower coefficient is reached at around room tempera-
ture, independently on x, and its absolute values decrease
rapidly with x. This points to an increasing number of mobile
carriers in the La,_.Sr,CoO, system for x> 1.0.

C. Magnetic measurements

Earlier studies on the Co>*/Co* single crystals
La,_,Sr,CoO, suggest that the pure Co** compound x=1.0 is
paramagnetic down to the lowest temperatures.® As men-
tioned in the experimental part, the low-temperature suscep-
tibility data measured in low field of 0.01 T are very sensi-
tive to any ferromagnetic impurity. This leads to spurious
effects seen especially in the plot of inverse susceptibility as
presented, e.g., in Fig. 5 of Shimada ef al. in Ref. 14. The
authors related their observation to the theoretical conception
of Griffith phase where a system with ferromagnetic interac-
tions of random strength displays critical fluctuations in a
broad temperature range between the maximum “local” criti-
cal temperature (close to T of bulk ferromagnet Sr,CoO,)
and much lower global T¢.!” We remain with the more
prosaic explanation considering the cubic perovskite
La,;_,Sr,CoO; impurity (7¢=200 and 250 K for x=0.2 and
0.5, respectively!®) and refer to the measurements at H
=1 T on our ceramic sample in the upper panel of Fig. 6.
Here, the impurity ferromagnetic contribution is easily sepa-
rated and, after the correction, the susceptibility acquires a
Curie-type dependence close to what is expected for para-
magnetic IS Co** ions (S=1). The molar fraction of the im-
purity is determined to about 0.3%. We observed, however,
that the amount of ferromagnetic impurity is dependent on
sample preparation, in particular it increases with increasing
temperature of synthesis. In these samples the La,_,Sr,CoO3
impurity could reach several % and have been then identified
by the x-ray diffraction.
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FIG. 6. (Color online) Upper panel: Magnetization for

LaSrCoO, (x=1.0), measured on cooling in 1 7. ((J) Raw data; (@)
data after correction; (A) ferromagnetic impurity. Lower panel:
Magnetization loops for La,_,Sr,CoO, at 10 K.

For samples x=1.1 and less reliably for x=1.2, a similar
correction reveals a still smaller impurity fraction, which is
another argument against the explanation using the Griffith
phase.

For Co**/Co*" samples with x=1.1-1.4, the magnetiza-
tion curves at 10 K, presented in the lower panel of Fig. 6,
reveal a formation of ferromagnetic regions. Saturation mo-
ments, obtained by the linear extrapolation, increase rapidly
with Co** doping and reach 0.8u/Co atom for x=1.4. This
value is about twice lower than expected for a bulk ferro-
magnetic state with a mixture of IS Co** (S=1) and LS Co**
(S=0.5) ions, which are the spin states adopted for cubic
ferromagnetic perovskites La,_,Sr,CoOj5 (see, e.g., Ref. 19).
The observed saturation moments and large paraprocess even
at the lowest temperatures suggest a more complex, possibly
nonuniform magnetic ground state in the present ferromag-
netic samples, which led us actually to a more detailed in-
vestigation of the x=1.4 compound by neutron diffraction
(see below).

The plot of inverse susceptibility versus temperature in a
range up to 800 K is presented in the upper panel of Fig. 7.
Here, the diamagnetic signal of core electrons in
La,_,Sr,Co0,, estimated as yg,=—1.02X 10™* emu/mol,>
was subtracted from experimental data (effect is significant
at high temperatures only) while the low-temperature suscep-
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FIG. 7. (Color online) The temperature dependence of the mag-
netic susceptibility for La,_ Sr,CoO, (1.0=<x<1.4). Lower panel:
FC DC susceptibility in 0.01 7. Upper panel: inverse DC suscepti-
bility in field of 1 T (small change of slope associated with the
resistivity transition in x=1.0 is marked by arrow). Inset: averaged
linear coefficient of lattice thermal expansion for x=1.0. Solid line
is Gaussian fit, see Ref. 16 for details.

tibility data were corrected for the ferromagnetic
(La,Sr)CoO;3 impurity. It should be noted that differential
susceptibility, evaluated on a base of magnetization measure-
ments at two close fields, 1 and 1.25 T, yielded practically
the same data as the DC susceptibilities after subtraction of
the ferromagnetic impurity contribution.

The simple Curie-Weiss behavior of the low-temperature
inverse susceptibility for sample LaSrCoO, (x=1.0) is fitted
by a slightly negative Weiss temperature ®=-20 K and the
effective moment of w.~2.7ug. At elevated temperatures,
the inverse susceptibility deviates progressively from the lin-
ear dependence and, in addition, some more abrupt change of
slope can be distinguished at about 600 K. This anomaly is
obviously associated with the resistivity transition in this
sample (see the apparent activation energy in the inset of Fig.
4). In cubic perovskite LaCoOs;, the analogous resistivity
transition centered at 535 K is accompanied by a spin-state
transition of Co®* ions, characterized by a change of effec-
tive moment from puge~3.2ug (T=150-350 K) to pu
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=3.84up for T>650 K (see, i.e., Fig. 6 in Ref. 21). Similar
spin-state transitions can be anticipated in present layered
compounds with x=1.0. However, they are more diffusive
and not completed below 800 K, the limit of our magnetic
data determination.

Magnetic transitions in cobaltites are also accompanied
by subtle changes in the crystal structure, induced by ex-
panding ionic radius of Co** with a change of spin state. This
effect is responsible for an anomalous thermal expansion that
reflects the increasing population of paramagnetic species.
An anomalous peak in the linear thermal expansion coeffi-
cient is also observed in our sample LaSrCoO, at 660 K by
x-ray diffraction, see the inset of Fig. 7. The data show that
the normal lattice expansion out of the peak is around 20
X 1070 K™! as in LnCoO; (Ln=La, Y, rare-earth) while the
peak characterizing the transition is more diffusive and the
integral volume change is only 0.25%, that is about four
times less than observed for LnCo0;.'® The smaller volume
change during the transition may have two reasons. In a dis-
tinction to the close-packed structure of LnCoQOs, where any
change of Co-O bond distance or angle produces a corre-
sponding change of lattice parameters, in the LaSrCoO,
structure the expansion of CoOg octahedra in the ¢ direction
can be partially compensated by a decrease of (La, Sr)-O
bond distances. However, the low sensitivity of x-ray diffrac-
tion to oxygen did not allow us to determine the expansion of
CoOg octahedra itself. The second reason may be a different
character of spin states in LnCoO5; and LaSrCoO, below or
above the magnetic transition.

With the Co** doping, the ferromagnetic interactions are
clearly induced as seen already for x=1.1, and the extrapo-
lated Weiss temperature increases steadily up to @=190 K
for x=1.4. However, the ferromagnetic transition itself seems
to shift down to much lower temperatures. This becomes
evident in the plot of susceptibility measured at a low mag-
netic field of 0.01 T (see the lower panel of Fig. 7). It ap-
pears that at some critical temperature 7-=140-150 K, the
susceptibility for x=1.3 and 1.4 starts to increase enor-
mously and finally levels at ~70 K. This is a signature for a
gradual change from a short range or two-dimensional (2D)
ferromagnetic order in the perovskite layers to a stabilization
of the (3D) ordered ferromagnetic regions below 70 K. Their
amount increases quickly with x.

The values of ® and g for La,_ Sr,.CoOy, derived from
linear regions of inverse susceptibility in Fig. 7 and com-
pleted by previous data for x=0.4—1.0,% are summarized in
Fig. 8. Weiss temperature increases nearly monotonously
from ®=-200 K for x=0.4 up to ®=190 K for x=1.4, and
is symmetrically centered around x=1.0 where the change
from antiferromagnetic interactions to ferromagnetic ones
occurs. The effective moment decreases from g~ 4up for
the Co?*/Co’* sample x~0.5 to p.~2.7ug for pure Co®*
sample x=1.0. This is essentially in accordance with ex-
pected spin states for HS Co®* (S~ 1.5, pos~ 3.87up) and IS
Co* (S~ 1, pegr~2.83up). For Co**-doped samples with x
> 1.0, the effective moment first levels at pp~2.7-2.8up
but finally increases to w.=3.1up for x=1.4, pointing to a
stabilization of IS Co** state.
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D. Neutron diffraction on sample x=1.4 up to high pressures

The powder diffraction patterns of Lag¢Sr; ,Co0O, taken
on constant wavelength diffractometer KSN-2 (at P=0 GPa,
T=300 K) and time-of-flight diffractometer DN-12 (at P=0
and 4.3 GPa, T=290, 16, and 10 K) is shown in Figs. 9 and
10, respectively. At ambient pressure, the low-temperature
spectra (T=16 K) do not show any new diffraction line that
could be ascribed to an antiferromagnetic order. On the other
hand, existence of a long-range ferromagnetic order is evi-
denced by an intensity contribution to some fundamental dif-
fraction lines. This is illustrated in more detail in the inset of
Fig. 10 where observed intensity at line (103) exceeds sig-
nificantly the calculated intensity for nuclear scattering while
no additional intensity is observed at line (004). This obser-
vation determines that the spontaneously ordered cobalt mo-
ments are oriented along the ¢ axis of the I4/mmm structure,
i.e., perpendicular to the layers. Their calculated magnitudes
amount to 0.7ug/Co atom, which is in agreement with the
magnetization data in the lower panel of Fig. 6.

A low value of spontaneous moments suggests that the
ferromagnetic transition remains incomplete, leading to a
ferromagnetic-paramagnetic segregation. Since the magnetic
interactions are associated with electron transfer, either real
(double exchange) or virtual (superexchange), they are ex-
tremely sensitive to the transition metal 3d-oxygen 2p orbital
overlap. It appears that the overlap integrals and, conse-
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FIG. 9. The neutron diffraction pattern of Lag (Sr; 4CoO4 mea-
sured on the KSN-2 diffractometer at 7=290 K.
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FIG. 10. The neutron diffraction patterns of Lag Sty 4CoOy
measured at 7=290 and 16 K at ambient pressure (upper panel) and
4.3 GPa (lower panel). The experimental points and calculated pro-
file are shown. The position of the most intense peak from Al con-
tainer used at ambient pressure is also shown. The position of the
diffraction peak from the high pressure cell is marked by “S.”

quently, the double exchange vary with the metal-oxygen
bond lengths approximately according to a power depen-
dence ~[73> while the superexchange may vary even much
more steeply.?? Therefore, one would expect enhancement of
the magnetic interactions on lattice contraction, forced by
high pressures. The possibility to induce more ferromagnetic
phase was a primary motivation for a high-pressure neutron-
diffraction study of Lag ¢(Sry 4CoO,. The analysis of observed
spectra showed, however, only a modest increase of ferro-
magnetically ordered cobalt moments from 0.7 up at ambient
pressure to 0.9ug at 4.3 GPa.

Complete results obtained by the neutron-diffraction stud-
ies of Lag Sty 4CoO,4 are summarized in Table 1. The room-
temperature data at different pressures allow us to calculate
linear compressibilities k;=—(1/a;)(d,;/dP); both for the
lattice parameters (k,=0.0011 GPa™!, k,=0.0007 GPa™!) and
the equatorial and apical Co-O bond lengths (kco.0;
=0.0011 GPa™!, k¢, 0,=0.004(1) GPa™!). Similar values are
observed at low temperatures, k,=0.0011 GPa™', k,
=0.0006 GPa™!,  kco.0;=0.0011 GPa™',  k¢y.0,=0.003(1)
GPa~!. This shows that the lattice compressibility is lower
along c, i.e., between the perovskite layers. Despite this,
there is an unexpectedly high compressibility of the Co-O2
(apical) bond, which is compensated by expansion under an
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TABLE I. Structural parameters of Lag ¢Sr; 4CoOy, at selected pressures and ambient temperature. The
atomic positions are La/Sr and 02-4(e) (0,0,z), Co—2(a) (0, 0, 0) and O1-4(c) (0.5, 0, 0) of the space
group [4/mmm. Values of Co-O1 and Co-O2 bond lengths and the Co magnetic moments are also presented.
(Data from KSN-2 are added in the first column.)

PHYSICAL REVIEW B 74, 134414 (2006)

P, (GPa) 0 (KSN-2) 0 0 2 2 43 43
T, K 290 290 16 290 12 290 10
a, A 3.7983(3)  3.798(4)  3.790(4)  3.778(5)  3.770(5)  3.768(5)  3.756(5)
e, A 12.514(8)  12.516(7) 12.488(7) 12.476(9) 12.461(9) 12.441(9) 12.425(9)
La/Sr (2) 0.3589(4)  0.3585(6) 0.3586(6) 0.358(2)  0.358(2)  0.361(2)  0.358(2)
02 (2) 0.1604(4)  0.1606(7) 0.1593(7) 0.1553)  0.157(3)  0.155(3)  0.156(3)
Co-01, A (4x) 1.899(1)  1.899(2) 1.895(2) 1.889(3)  1.885(3) 1.884(3)  1.878(3)
Co-02, A (2x) 2007(5)  2.010(4) 1.989(4)  1.93(1)  1.95(1)  1.93(1)  1.94(1)
La/Sr-O1, A (4x) 2.593(7)  2.597(6) 2.590(6) 2.59(1)  2.59(1)  2.56(1)  2.58(1)
La/Sr-02, A (4x) 2.686(2)  2.686(3) 2.680(3) 2.671(4) 2.666(4)  2.664(4)  2.656(4)
La/Sr-02, A (1x) 2.484(9)  2477(8) 2489(8) 2.53(2)  251(2)  256(2)  2.51(2)
L g 0.7(1) 0.8(1) 0.9(1)
R, % 2.58 6.63 427 7.16 10.10 7.84 8.29
Ryp % 2.44 4.34 3.13 6.34 8.11 7.80 7.96

external field of the shortest La/Sr-O2 (apical) bond length.
This seemingly anomalous effect can be attributed to the
opposite stresses in the CoO, and (La, Sr)O layers as men-
tioned with the x-ray diffraction results.

IV. DISCUSSION

It is generally accepted that the magnetism and transport
in mixed valent perovskites are predetermined by the extent
of carrier doping, bandwidth (linked to the metal-oxygen
overlap), and local disorder due to substitutional defects.
Lowering of the dimensionality in the layered Co’*/Co**
systems La,_, Sr,CoO,, compared to their 3D counterparts,
brings about an anisotropic reduction of the bandwidth,
which modifies physical properties. As concerns the pure
Co** compound x=1.0 (LaSrCoQy,), the high values of ther-
mopower coefficients and electrical resistivity are signatures
of the absence of mobile charge carriers. This is consistent,
together with observed u.s~ 2.7 g, with an insulating para-
magnetic ground state. It is based on IS Co** ions that are in

orbitally nondegenerate state (dyz2 d*d yl d,', S=1) as one

X

may expect for tetragonally elongated CoOg octahedra in
layered perovskites (see also Ref. 23). On the other hand,
isovalent 3D counterpart LaCoOj is a diamagnetic insulator
and the paramagnetic state with strong antiferromagnetic in-
teractions and low electrical conductivity, occurring above
100 K, is most likely based on a mixture of LS and HS Co’**
rather than on a homogeneous IS state. (For the latter even-
tuality, a formation of a partially occupied " band and me-
tallicity could be anticipated in 3D perovskites; see, e.g., the
recent discussion in Ref. 24.)

The Co** doping in samples with x> 1.0 leads to a rapid
decrease of resistivity and thermoelectric power due to the
presence of mobile carriers. The metallic conductivity is
common for analogous 3D systems both in low-temperature
ferromagnetic and high-temperature paramagnetic states. In

particular, La,_ Sr,CoO5 exhibits for x=0.3-0.5 very low
resistivity p3go k=1 m{ cm and thermopower S3g) g
~0 wV/K (T-=250 K). Such a situation is not achieved for
the present layered compound x=1.4 (E,;~0.03 meV,
P300 K= 10 mQ ¢cm and S300 K~30 /.LV/K) It should be
mentioned, however, that the absolute resistivity values can
be strongly affected by low grain connectivity in our ceramic
samples as the sintering was done at a low temperature
~1000 °C. Activation itself is likely an intrinsic effect
and, combined with the significant but nonactivated thermo-
electric power at low temperatures, points to the polaronic
character of itinerant charge carriers in Co**-doped
La,_,Sr,CoO,.

At low temperatures, ferromagnetism is gradually formed
in the doped La,_,Sr,CoOy,. Up to x=1.2, only a partial, pre-
sumably two-dimensional order is observed. With further in-
crease of the strontium amount, a gradual transition to the 3D
ferromagnetic order starts below 150 K and is saturated at
about 70 K. The amount of the long-range ordered ferromag-
netic phase increases with x and, as found by magnetization
measurements and neutron diffraction, the saturation mo-
ment reaches for x=1.4, a value of 0.7-0.8ug/Co atom and
does not change much under an application of external pres-
sure of several GPa. This points to an approximate phase
separation where ferromagnetic regions coexist with residual
paramagnetic or 2D-ordered regions. Local critical tempera-
tures (T¢=150 K in maximum) and ordered moments are
low compared to what is observed by the neutron diffraction
on cubic perovskite La,_,Ba,CoO; with x=0.5'¢ or in mag-
netization measurements of La;_,Sr,CoO; systems with x
=0.3-0.5 (T~ 250 K, saturation moment 1.9ug/Co atom).
The low values observed for the present system need not be
related to the lower dimensionality only, since there can be
also an effect of local disorder. Namely, the magnetic and
neutron diffraction studies on ferromagnetic SrCoO;_s>
showed a systematic decrease of critical temperature and
saturation moment with increasing oxygen deficiency from
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the nearly 100% Co** sample with 6=0.03 (T~ 191 K,
1.5u5/Co atom) to the 40% Co** sample with 6=0.30 (T
~150 K, 0.6u5/Co atom) which is analogous to the present
x=1.4 as to the cobalt valency.

It is worth mentioning that in agreement with our results
on x=1.4 nearly identical moment and critical temperature,
as well as similar transport behavior were obtained for re-
lated layered system Y,_,Sr,CoO, for x=1.5 (0.75ug/Co
atom, T-=150 K, activation energy at around the room-
temperature E,~0.05 meV).2* The pure Co** compound
Sr,Co0, (x=2.0), prepared under high pressures, then pos-
sessed a significantly larger saturation moment 1.0ug/Co
atom and 7-=250 K, and showed in the paramagnetic region
relatively high conductivity with very small activation en-
ergy E£4,~0.01 meV.

V. CONCLUSION

The layered perovskites La,_,Sr,CoO, have been studied
in a compositional range from x=1.0 (pure Co**) to x=1.4
(40% of Co*"). The evolution of the crystal in dependence on
x and on the application of high pressures up to 4.3 GPa (for
x=1.4 only) is explained by the effect of opposite stresses in
the perovskite CoO, and rock-salt (La, Sr)O planes.

All samples exhibit an activated type of electrical conduc-
tion, however, the absolute values of electrical resistivity and
associated activation energy decrease dramatically with x.

PHYSICAL REVIEW B 74, 134414 (2006)

Even if the metallic conductivity is not achieved, the gapless
character of thermopower is an argument for ground state
with itinerant polaronic carriers in the Co**-doped
Laz_xserOO4.

Magnetic properties demonstrate aparamagnetic ground
state with intermediate-spin Co’* ions in the single valent x
=1.0, which is in distinction with the diamagnetic ground
state in analogous cubic perovskite LaCoO;. In samples
La, ,Sr,CoO, with higher strontium content, the itinerant
carriers mediate ferromagnetic interactions that give rise to a
short range or a two-dimensional FM order that is trans-
formed for higher x to a 3D ferromagnetism.

At elevated temperatures, the magnetic susceptibility
La,_,Sr,CoO, deviates from the common Curie-Weiss be-
havior. This is ascribed to a gradual change of the Co**/4*
spin states. In samples x=1.0 and 1.1, there is, in addition, a
broad resistivity transition centered at 650 K, which is ac-
companied by an anomalous lattice expansion. This observa-
tion reminds us of the “insulator-metal” transition in LaCoO;
at 535 K.
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