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Pressure effect on magnetic order and anisotropy of low-doped La1−xCaxCoO3 s0.1øxø0.2d and
La1−xSrxCoO3 s0.1øxø0.3d single crystals and ceramics was studied by magnetization measurements. It was
found that applied hydrostatic pressure leads to a quite different effect on ferromagneticsFMd interactions in
materials doped with ions of different size. For La1−xCaxCoO3, a remarkable suppression of FM interactions
leading to a contraction of FM phase fraction was observed under pressure, in good agreement with reduction
of effective paramagnetic momentmeff and already reported pressure-induced increase of electrical resistivity.
The behavior may be explained by recently proposed mechanism of pressure-induced suppression of double
exchange FM interactions in cobaltites, due to an increase of the energy of the crystal-field splitting
st2g−egd, leading to a suppression ofeg-electron hopping. In strong contrast, an opposite pressure effect on
ferromagnetism was found in La1−xSrxCoO3. It appears that pressure enhances visibly the FM interactions in
the spin- or cluster-glass state as well as in the long-range FM state forx=0.3 but surprisingly the pressure
coefficientdTC/dP changes sign at the percolation threshold. The intricate behavior indicates on a competition
of at least two different mechanisms on overall pressure effect in La1−xSrxCoO3 with an expanded unit cell
caused by doping with a large size ion. In addition, in Sr-doped single crystals with developed long-range FM
order, a drastic changes in magnetic anisotropy with pressure were observed at around 9 kbar, leading in the
case of La0.7Sr0.3CoO3 to nearly isotropic magnetization within theac plane atP.9 kbar. The radical changes
in the magnetic anisotropy suggest some kind of pressure-induced phase transition.

DOI: 10.1103/PhysRevB.71.214404 PACS numberssd: 75.47.Gk, 75.30.Kz, 71.30.1h

I. INTRODUCTION

Doped cobaltite perovskites La1−xMxCoO3
sM =Ca,Sr,Bad, exhibiting such intriguing properties as large
magnetoresistance1,2 and enormous Hall effect,3 have re-
cently attracted much attention due to their unique feature to
change the spin-state of the Co3+ ion.4–13 The additional
spin-state degree of freedom provides new physical effects,
leading to unusual magnetic and transport properties as com-
pared with those found in manganites. The spin-state of un-
doped LaCoO3 exhibits a gradual crossover with increasing
temperature from the low-spinsLSd state st62ge

0
g;S=0d to

the intermediate-spinsISd state st52ge
1
g;S=1d at around

100 K.14,15 This results from the competition between com-
parable in magnitude the crystal-field with energyDCF
st2g−eg splittingd and the intraatomicsHundd exchange with
energyJex, leading to redistribution of electrons betweent2g
andeg levels. SinceDCF is found to be very sensitive to the
variation in the Co-O bond lengthsdCouOd, the subtle bal-
ance betweenDCF andJex may be easy disrupted by different
kind of effects such as hole-doping and chemical or external
pressure.16,17 Both, chemical pressure on CoO6 octahedra,
generated usually by decreasing the average La-site ionic
radiuskrl, and external pressure lead to the insulating non-
magnetic LS state becauseDCF strongly increases with de-
creasing the CoO6 volume, causing depopulation of the mag-
neticeg level. Pressure is expected to favor the population of
the LS state since the ionic radius of LS Co3+ s0.685 Åd is

smaller than that of IS Co3+ s0.717 Åd sRef. 18d and the
difference in ionic radius leads to lattice-volume expansion
observed at the LS→ IS transition.16

It is generally accepted that the ferromagnetism in hole-
doped La1−xMxCoO3 arises as a result of the double-
exchangesDEd interaction between Co3+ and Co4+, facilitat-
ing also the electrical conductance in the ferromagnetic
metallic sFMMd phase. Similarly to the case of doped man-
ganites, the ferromagneticsFMd state evolves as a result of
increasing doping level at lowx, in the paramagnetic matrix
of LaCoO3 with dominant antiferromagneticsAFMd super-
exchange interactions between Co3+ through a spin- or
cluster-glass-state region.19,20 The competition of different
kinds of interactions leads to a highly inhomogeneous
ground state exhibiting the coexistence of FM regions, spin-
glass regions, and hole-poor LS regions.21,22 However, the
hole-doping effect on the transport and magnetic properties
is more intricate in cobaltites as compared with that one
in manganites because the DE mechanism involves the
t2g−eg energy, which is dependent on lattice parameters and
crystal symmetry. Partly for this reason, orthorhombic
R0.5Ca0.5CoO3 sR=La,Pr,Ndd with DCF weakly dependent on
the doping level, doped by smallerM ions do not achieve the
metallic state and their ferromagnetic moment remains small,
while the rhombohedral Sr- and Ba-doped compounds with
larger unit cell and smallerDCF become metallic with rather
large FM moment.5,9

Due to strong dependence ofDCF on Co-O bond length,
the pressure appears to be a unique tool for tuning the ferro-
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magnetism in doped cobaltites by modifying thet2g−eg en-
ergy splitting. Another important parameter, controlling the
strength of DE interaction, is the Co-O-Co bond anglesud,
which is directly related to electronic transfer energy be-
tween Co atoms. While it is general feature of manganites
that external pressure increasesu driving system to FMM
state,23 it is known that the value of the angleu increases
under pressure for rhombohedral LaCoO3 sRef. 18d but re-
mains nearly constant for orthorhombic P0.7Ca0.3CoO3.

24 It
means that the structural response for the external pressure is
less obvious in cobaltites. The pressure effect on transport
and magnetic properties of cobaltites consists of two main
competing effects of different origin. The already discussed
mechanism related to increase of thet2g−eg splitting strongly
suppresses the electron hopping and consequently the ferro-
magnetic interactions and conductance. The latter is expected
to favor ferromagnetism with increasingu. Combining
chemical and external pressure one can separate different
physical mechanisms responsible for ferromagnetism in
La1−xMxCoO3 and clarify if the DE interactions play an
essential role on it. Although this issue is of significant in-
terest there are only few pressure studies on transport and
magnetic properties performed until now inR1−xCaxCoO3
sR=La,Pr,Ndd sRefs. 5,24d and in La0.82Sr0.18CoO3.

17 The
electrical resistivity was found to increase under pressure for
all of the studied samples. For La0.82Sr0.18CoO3, the reduc-
tion of Co magnetic moment and ofTC was observed simul-
taneously with the tendency to develop of an insulating state.
This unusual behavior, which is opposite to that observed for
manganites, reveals that the effect driven by increasingDCF,
leading to suppression of the electron hopping and ferromag-
netic interactions, clearly dominates over the opposite effect
caused by increasing the bond angleu. Moreover, the corre-
lation between Co magnetic moment andTC, found for
La0.82Sr0.18CoO3 strongly suggests that the FM interactions
depend on the crystal-field splittingDCF, in compliance with
specific DE mechanism.17

In order to clarify the intriguing origin of pressure effect
and of interplay between the Co3+ spin-state degree of free-
dom and ferromagnetism, we report, in this paper, the results
of magnetization measurements under pressure performed
for La1−xCaxCoO3 and La1−xSrxCoO3 single crystals and ce-
ramics with different doping level. While for Ca-doped ma-
terials, we observed the remarkable suppression of both mag-
netic moment in the FM state andTC, in good agreement
with the tendency to develop insulating state with increasing
pressure,5 more intricate pressure effect was found surpris-
ingly in Sr-doped compounds. Namely, the enhancement of
FM cluster phase at low doping and a drastic change in the
anisotropy of long-range FM order, indicating a some kind of
pressure-induced phase transition at higher doping level,
were observed.

II. EXPERIMENTAL DETAILS

Single crystals of La1−xCaxCoO3 sx=0.1;0.15d and
La1−xSrxCoO3 sx=0.1;0.2;0.3d were grown by a floating
zone method using radiative heating under oxygen pressure
of 1 bar with a typical growth rate of 1 mm/h. Crystals were

found to be single phasespseudocubic with slight rhombo-

hedral distortions, space groupR3̄cd, as confirmed by pow-
der x-ray diffraction. The point Laue patterns indicated some
twinning, usually observed for pseudocubic perovskites. Ad-
ditionally, the polycrystalline samples of La0.8Ca0.2CoO3 and
of La0.85Sr0.15CoO3 were prepared by a standard ceramic
route. The polycrystal of La0.8Ca0.2CoO3 was employed to
extend the range of the investigation of Ca substituted
samples since we were not able to grow single crystals of
La1−xCaxCoO3 with well-fixed Ca-content forx as high as
0.2. Please note that, similar difficulties in the growth of
single crystals with higher Ca-doping level were reported in
Ref. 6. The polycrystal of La0.85Sr0.15CoO3 was employed to
verify if the measurements performed on polycrystalline ma-
terials provide an reliable data. The details of growing con-
dition and sintering procedure including x-ray and neutron-
diffraction data are presented elsewhere.25–27

Cylinder-shape samples with typical size of 1 mm in di-
ameter and 4 mm in height were used for measurements of
magnetizationsMd under hydrostatic pressuresPd up to
12 kbar. All the magnetic measurements were performed in
the temperature range 5–240 K at magnetic field up to
15 kOe using a PAR model 4500 Vibrating Sample Magne-
tometer. For these measurements a miniature container of
CuBe with inside diameter of 1.42 mm was employed as a
pressure cell28 and a mixture of mineral oil and kerosene was
used as a pressure-transmitting medium. The pressure at low
temperatures was determined by the pressure dependence of
the superconducting transition temperature of pure tin placed
near the sample.

Temperature and field dependences of magnetization
MsTd andMsHd at ambient pressure and various values ofP
were measured for each of the studied samples. For single
crystalline samples, the angular dependences of magnetiza-
tion in theac plane at low temperatures were determined for
each fixed value ofP. Later on theMsTd andMsHd measure-
ments were performed for the direction of easy axis of mag-
netization in theac plane. In this way, magnetic-field orien-
tation was fixed in the measurements ofMsTd and ofMsHd
dependences with various pressures, what was important for
correct interpretation of magnetization changes in cobaltites
with rather strong magnetic anisotropy.

III. RESULTS AND DISCUSSION

La1−xCaxCoO3. Figures 1 and 2 present the pressure effect
on magnetic order in low doped single crystalssx=0.1 and
x=0.15d by zero-field-cooledsZFCd and field-cooledsFCd
magnetization vs temperature measured atH=100 Oe and by
FC hysteresis loops of magnetization at low temperatures.
All of the MsTd andMsHd curves presented are taken at the
direction of easy axis of magnetization, determined previ-
ously from the angular dependence of magnetization in the
ac planesnot shownd. Both compounds exhibit an inhomo-
geneous magnetic ground statesFM clusters embedded into a
paramagnetic matrixd, which manifests itself at low tempera-
tures by a pronounced divergence of ZFC and FCMsTd
curves. In addition, theMsHd curves show the spontaneous
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FM moment sM0d extracted by a linear extrapolation of
MsHd from high-field region toH=0. The ZFC-FC irrevers-
ibility below 100 K and the peak in ZFC magnetization both
observed at ambient pressure in La0.9Ca0.1CoO3 ssee Fig. 1d
have been attributed to the formation of a cluster-glass
state.25 The FM hole-rich clusters of small size with mobile
phase boundaries are assumed to appear around the Ca ions
as a result of the phase separation. It is shown in Fig. 1 that
an applied pressure suppresses strongly this FM cluster
phase, leading to the disappearance of the peak inMZFC and
reduction in the spontaneous FM moment by 30% at
10.7 kbar. This behavior is opposite to that one typical for
low doped manganites, where the FM cluster phase fraction
enlarges with increasing pressure.

In addition to the appearance of FM cluster phase, the
further doped La0.85Ca0.15CoO3 demonstrates a sharp in-
crease inMFC, indicating ferromagnetism at temperatures be-
low TC<100 K, see Fig. 2sad. The long-range FM phase has
been recently identified by neutron diffraction7 in
La1−xCaxCoO3 and found to spread over significant fraction
of the samples forx.0.1. It is shown in Fig. 2 that an
applied pressure decreases both the Curie temperature and
spontaneous FM moment at 20 K for La0.85Ca0.15CoO3 and
the observed changes ofTC and ofM0 can be approximated
by linear pressure dependence with the coefficients of
dTC/dP=−1.16 K/kbar and ofdM0/dP=−0.22 emu/g kbar
for TC and for M0, respectively. This implies that the ferro-
magnetic interactions weaken and the FM phase volume
fraction contracts gradually with increasing pressure.

The very similar negative value of pressure coefficient
dTC/dP=−0.92 K/kbar, was found for polycrystalline
La0.8Ca0.2CoO3 from MsTd data presented for several pres-
sures in Fig. 3sad. In addition to the ferromagnetic behavior
similar to that observed for thex=0.15 sample, thex=0.2
composition exhibits additional transition belowTC, evi-

denced at 90 K by a pronounced hysteresis of low field
MFCsTd taken upon cooling and warming, see ambient pres-
sure data presented in Fig. 3sbd. Most likely, this hysteretic
behavior is associated with a first-order structural transition

from rhombohedralR3̄c phase to orthorhombicPnmaphase,
discovered very recently for La0.8Ca0.2CoO3 in the neutron
powder-diffraction measurements by Burleyet al.7 The tem-

perature ofR3̄c→Pnma transition was found to increase
dramatically from 0 to 300 K for Ca content of aroundx
=0.2 whenx increases by 0.03 only. Probably, due to a small
deviation from stoichiometry our sample indicates the lower
values of bothTC and structural transition temperature, as
compared with those reported in Ref. 7.

We found that the hysteresis inMFCsTd shifts rapidly to
low temperatures with increasing pressure and disappears
above 5 kbar. This unequivocally implies that the ortho-
rhombic phase collapses under pressure. The behavior is in
agreement with the expectation that an external pressure acts

in favor of theR3̄c phase with the unit-cell volume smaller at
low temperatures as compared to that of thePnmaphase.7

The latter unique feature of La1−xCaxCoO3 unit cell is di-
rectly related to the changes in the average Co3+ spin-state,
as discussed in Ref. 7.

FIG. 1. Temperature dependence ofMZFC and MFC for
La0.9Ca0.1CoO3 single crystal measured at 100 Oe in theac plane at
ambient pressure and under 10.7 kbarsunder pressureMFC only is
presentedd. Insets show the hysteresis loops of magnetization at
T=5 K at ambient pressure and at 10.7 kbar and a variation ofM0

with pressure.

FIG. 2. sad The temperature dependence ofMZFC and MFC for
La0.85Ca0.15CoO3 single crystal measured at 100 Oe in theac plane
under various pressures. Inset shows a pressure dependence of the
Curie temperature.sbd Hysteresis loops of the magnetization of
La0.85Ca0.15CoO3 at T=20 K under various pressures. Insets show a
variation of the spontaneous momentM0 and coercive fieldHC with
pressure.
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Additional evidences for the pressure-induced transition
at low temperatures follow from the high-field magnetization
data. The hysteresis loopsMsHd at 20 K, presented in Fig.
3sbd, exhibit two features:sid the high-field magnetization
decreases with increasing pressure as expected but clearly in
nonlinear way, in the contrast to behavior observed for
La0.85Ca0.15CoO3 single crystals;sii d the coercive fieldHC
diminishes by about twice in the value under pressure of
10 kbar, and theHCsPd dependence demonstrates a distinct
change in the slope around 5 kbarssee the insetd, in contrast
to the almost linearHCsPd dependence observed for
La0.85Ca0.15CoO3 fsee the inset of Fig. 2sbdg. The former fea-
ture was examined more comprehensively by additional
measurements ofMsTd in H=15 kOe, presented for various
pressures in Fig. 4. It is seen that the magnetization decreases
smoothly with increasing pressure, at temperatures above
80 K, and clearly indicates discontinuity at low tempera-
tures. The pressure dependenceMsPd taken at 20 K demon-
strates a gradual initial decrease and an abrupt drop inM by
<10% at around 5 kbarssee the inset of Fig. 4d. This jump
in M at low temperature is a signature of the pressure-
induced phase transition in La0.8Ca0.2CoO3. We suggest that
the sharp fall inM originates from a sudden change in the

average Co3+ spin-statesby increase of the LS fraction in the
sampled due to the contraction of unit-cell at thePnma
→R3̄c transition.

Further evidence for the origin of negative pressure effect
on ferromagnetism in La1−xCaxCoO3 was obtained from in-
vestigation of the magnetic susceptibility in paramagnetic
state. TheMsTd curves measured for single crystals withx
=0.1 and x=0.15 at the temperatures above 100 K atH
=10 kOe under various pressures are represented in Fig. 5sad
by the plotsH /M vs temperature. The straight lines approxi-
mate a Curie-Weiss dependenceM /H=C/ sT−uWd with two
independent parameters. The slope provides the value of Co
effective paramagnetic momentmeff while the intercept
yields the paramagnetic Curie temperatureuW. For both crys-
tals, an applied pressure shiftsuW to low temperatures and
increases the slope ofH /MsTd. The latter corresponds to a
reduction ofmeff under pressure. TheuW andmeff values de-
termined, as described above, for several pressures are com-
pared in Fig. 5sbd and Fig. 5scd with the data obtained for
Sr-doped compoundsssee the second part of the chapterd. It
should be noted that at ambient pressure bothuW and meff
values for La0.85Ca0.15CoO3 agree within 10% with those re-
ported for polycrystalline samples7,4 while in the case of
La0.9Ca0.1CoO3 these parameters are distinctly lower, most
likely because of the overestimation of Ca content in our
crystal.

The negative value of pressure coefficientduW/dP ob-
served for both Ca-doped samples, comparable in the order
of magnitude with that ofdTC/dP, confirms conclusion of
the pressure-induced origin of the suppression of ferromag-
netic interactions in La1−xCaxCoO3. With an assumption of
DE ferromagnetic interactions, this behavior is in agreement
with observed pressure-induced suppression of conductivity
si.e., electron hoppingd in La0.5Ca0.5CoO3.

5 The pressure de-
pendence ofmeffsPd with negative coefficientdmeff /dP,0
fsee Fig. 5scdg gains insight into a nature of suppression of
ferromagnetism in La1−xCaxCoO3. Observed remarkable re-

FIG. 3. sad Temperature dependence ofMZFC and MFC for
La0.8Ca0.2CoO3 polycrystal measured at 100 Oe under various pres-
sures. Arrows indicate both cooling and warming regimes forMFC

at ambient pressure. Inset shows a pressure dependence of the Curie
temperature. sbd Hysteresis loops of the magnetization of
La0.8Ca0.2CoO3 at T=20 K under various pressures. Inset shows a
variation of the coercive fieldHC with pressure.

FIG. 4. Temperature dependence ofMFC for La0.8Ca0.2CoO3

polycrystal measured at 15 kOe under various pressures. Inset
shows a discontinuous change inMFC with pressure at low
temperature.
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duction in the Co effective paramagnetic moment,meff
=gfSsS+1dg1/2mB, suggests, within a simple spin-only picture
sg=2d, a considerable diminishing the effective spinS under
pressure. This effect is attributed to an increase of the energy
of the crystal-field splittingDCF in accordance with global
feature of cobaltites. As it was proposed in Ref. 17, such a
pressure-induced increase ofDCF leads to a suppression of
electron hopping of aneg electrons and, consequently, to a
decrease of DE FM interactions. This mechanism is domi-
nant in La1−xCaxCoO3 as it is evidenced by good correlation
between thedmeff /dP anddTC/dP and/orduW/dP data. The
contribution to the pressure effect caused by variation of the
Co-O-Co bond angleu seems to be much smaller in
Ca-doped cobaltites. In fact, a very insignificant change inu
under pressure of 20 kbar has been found in P0.7Ca0.3CoO3
sRef. 24d in contrast to the large increase of the Co-O-Co
bond anglesby <10° at 40 kbard in LaCoO3.

18

La1−xSrxCoO3. Figures 6 and 7 present the temperature
and field dependences of magnetization measured under
various pressures for La0.9Sr0.1CoO3 single crystals and
La0.85Sr0.15CoO3 ceramics. For single-crystal sample the
magnetization is taken along the easy axis in theac plane of

the crystal. Both low-doped samples are placed on the phase
diagram carrier content-transition temperature far below the
appearance of long-range FM phase and exhibit a mixed
glassy and FM cluster state, evidenced at low temperatures
by a marked divergence of ZFC and FCMsTd curves and by
an existence of a spontaneous FM moment. The common
feature, which is evident from magnetization data, is that an
applied pressure enhances the FM moment in both samples.
The effect is more pronounced for thex=0.1 sample where
both FC magnetization and FM moment at 20 K increase by
about twice under pressure of 10 kbar. This behavior is
strongly contrasted with discussed already the negative pres-
sure effect on ferromagnetism in La1−xCaxCoO3. In order to
verify the increase of FM moment with pressure, we have

FIG. 5. sad H /M vs temperature curves for La0.9Ca0.1CoO3 and
La0.85Ca0.15CoO3 single crystals measured at 10 kOe under various
pressures. Solid lines are a Curie-Weiss fit with two independent
parametersuW andmeff. sbd Pressure dependences of paramagnetic
Curie temperatureuW for La1−xCaxCoO3 and La1−xSrxCoO3 with
x=0.1; 0.15.scd Pressure dependences of Co effective paramagnetic
moment meff for La1−xCaxCoO3 and La1−xSrxCoO3 with x=0.1;
0.15.

FIG. 6. Temperature dependence ofMZFC and MFC for
La0.9Sr0.1CoO3 single crystal measured at 100 Oe in theac plane
under various pressures. Insets show the hysteresis loops of magne-
tization at T=20 K at ambient pressure and at 10.1 kbar and a
variation ofM0 with pressure.

FIG. 7. Temperature dependence ofMZFC and MFC for
La0.85Sr0.15CoO3 polycrystal measured at 100 Oe at ambient pres-
sure and under 11.2 kbar. Insets show the hysteresis loops of mag-
netization atT=20 K at ambient pressure and under 10.1 kbar and a
variation ofM0 with pressure.
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analyzed the paramagnetic phase properties for both
La0.9Sr0.1CoO3 and La0.85Sr0.15CoO3. Results of fitting the
Curie-Weiss parameters forMsTd curves measured at 10 kOe
under various pressuressnot shownd were presented in Fig.
5sbd and Fig. 5scd. It appears that the paramagnetic Curie
temperatureuW increases noticeably with increasing pres-
sure, suggesting an increase of ferromagnetic interactions.
This is in good agreement with low-temperature magnetiza-
tion data indicating the pressure-enhanced FM moment in
low doped La1−xSrxCoO3. TheuWsPd dependences presented
in Fig. 5sbd directly demonstrate the opposite pressure effect
on FM interactions in Ca- and Sr-doped cobaltites, suggest-
ing different structural response for compounds doped with
ions of different ionic radius. On the other hand, the pressure
dependences of Co paramagnetic momentmeffsPd appear to
be quite similar for compounds doped by Ca or Sr atoms
with the values of pressure coefficientdmeff /dP,0 compa-
rable in the magnitude, see Fig. 5scd. The latter quantity can
be served as a rough measure of the rate of the increase of
crystal-field splitting energyDCF sor the rate of increase in
the population of LS stated with increasing pressure in accor-
dance with universal feature of cobaltites.

The pressure-enhanced ferromagnetism in Sr-doped co-
baltites appears to be in contradiction with recent observa-
tion of the pressure-induced suppression of ferromagnetism
in La0.82Sr0.18CoO3 single crystals.17 In order to illuminate
this confusion we have investigated additionally two higher-
doped samples of La1−xSrxCoO3 single-crystals with ex-
pected long-range FM order. Figure 8sad shows the tempera-
ture dependences of low-field FC magnetization measured
along the easy axis of magnetization in theac plane under
ambient pressuresP=0d and under high pressure for both
La0.8Sr0.2CoO3 and La0.7Sr0.3CoO3 single crystals. TheMsTd
curves reveal a sharp rise in magnetization atTC indicating
on ferromagnetism. AtP=0, TC values determined by a
maximal slope inMsTd are in agreement with the data of
phase diagram carrier concentration-transition temperature
for La1−xSrxCoO3 sRef. 6d and TC<151 K found by us for
the x=0.2 sample is very close to that reported for
La0.82Sr0.18CoO3 single crystals in Ref. 17. It appears thatTC
varies with pressure in different manner strikingly depending
on doping level. The inset of Fig. 8sad shows the linear
dependencesTCsPd obtained for La0.8Sr0.2CoO3 and
La0.7Sr0.3CoO3 single crystals with pressure coefficients of
opposite sign, dTC/dP<−0.28 K/kbar and dTC/dP
< +0.3 K/kbar for the first and second crystal, respectively.
It is notable that the value ofdTC/dP for our x=0.2 sample
is close in the magnitude to that previously observed in the
sample withx=0.18 s<−0.4 K/kbard, located near the tran-
sition to FM metallic state.17 Hence, our results together with
those of Ref. 17 suggest that an applied pressure suppresses
ferromagnetism in the limited region of the phase diagram
only, namely, at the percolation threshold, whereas the pres-
sure generally enhances FM interactions in La1−xSrxCoO3 for
both cluster-glass and long-range FM states. In addition, we
found very recently the coefficientdTC/dP= +1.07 K/kbar
for La0.5Sr0.5CoO3 sRef. 29d exhibiting the essentially metal-
lic FM state. Such complex dependence of pressure effect on
doping level may originates from the competition of two

different mechanisms discussed above. The change of the
sign of pressure coefficientdTC/dP may be a signature of
first-order transition from localized to itinerant electron be-
havior, with discontinuous decrease in CouO distance, oc-
curring due to the bondlength fluctuations as proposed by
Goodenoughet al.30 In fact, a discontinuous contraction of
the Co-O distance was observed in La1−xSrxCoO3 at x
<0.25 by Mineshigeet al.11 Furthermore, an unusual com-
pressibity of CouO bond length is expected to appear at the
localized-itinerant crossover due to the bond-length fluctua-
tions and such effect leads to change of the sign of pressure
coefficient of tolerance factor in perovskites.30 We suggest
that this is crucial factor, responsible for the negative pres-
sure effect on ferromagnetic interactions in La1−xSrxCoO3
aroundx<0.2, where the percolation threshold of FM clus-
ters is reached and the insulator-metal transition occurs.

The sharp increase indTC/dP detected for La1−xSrxCoO3
in the vicinity of the insulator-metal transition is quite simi-
lar to that one observed recently in La1−xCaxMnO3 sRef. 31d
and in Pr1−xSrxMnO3 sRef. 32d single crystals. The behavior
was attributed to the different nature of magnetic interactions
below and above the transition, namely, the DE interactions

FIG. 8. sad Temperature dependence ofMZFC and MFC for
La0.8Sr0.2CoO3 and La0.7Sr0.3CoO3 single crystals measured in the
ac plane at 100 Oe at ambient pressure and under 10.8 kbar and
9.6 kbar for the first and second crystal, respectively. Inset shows
pressure dependences of the Curie temperature.sbd Hysteresis loops
of the magnetization of La0.8Sr0.2CoO3 at T=5 K under various
pressures. Inset shows a nonmonotonic variation ofM0 with
pressure.
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dominate in the metallic state being more sensitive to pres-
sure than superexchange interactions dominating the mag-
netic and transport properties below the transition. We sug-
gest that the above feature is inherent to doped perovskites
exhibiting the insulator-metal transition.

In contrast to doping with larger Sr ion, doping with
smaller Ca2+ ion increases the global structural distortion
driving the system from rhombohedral to orthorhombic
phase,6,7 and accordingly the crystal-field splittingDCF does
not decrease significantly with doping. Therefore, the num-
ber of theeg electrons does not increase substantially, the
number of holes introduced into thet2g orbitals increase only,
and the insulator-metal transition is not accomplished in
La1−xCaxCoO3 seven La0.5Ca0.5CoO3 remains nearly metallic
onlyd.5,6 For these reasons the DE mechanism does not work
well in La1−xCaxCoO3 and the alternative mechanism of
pressure-induced increase of the crystal-field splittingDCF is
dominant leading to a remarkable suppression of FM inter-
actions under pressure over whole range of doping.

Figure 8sbd presents the hysteresis loopsMsHd of
La0.8Sr0.2CoO3 single crystals measured at 5 K along the
easy axis in theac plane under various pressures.MsHd
curves demonstrate a clearly nonmonotonic change of spon-
taneous FM momentM0 with increasing pressure in the re-
gion of 11 kbar. In the inset of Fig. 8sbd, it is shown thatM0
decreases gradually with increasing pressure up to pressure
of 8 kbar and then sharply rises by about 20% in the magni-
tude around pressure of 9 kbar. Such an anomalous behavior
in M0 strongly suggests a pressure-induced phase transition
in La0.8Sr0.2CoO3. Studies of magnetic anisotropy in theac
plane as a function of applied pressure provide an additional
insight into this subject. The pressure effect on the magnetic
anisotropy of La0.8Sr0.2CoO3 and La0.7Sr0.3CoO3 single crys-
tals is evidenced by angular dependences of magnetization
Mswd measured in theac plane at 5 K and atH=15 kOe
under various pressures, as shown in Fig. 9. TheMswd
curves reveal a twofold symmetryfi.e., two maxima ofM
occur in the full angular ranges0,u,360°dg suggesting an
easy-axis anisotropy in theac plane. In addition, a minor
anisotropy in magnetization was found in theab plane sig-
nifying that the FM moment is directed along thec axis. A
similar uniaxial anisotropy has been observed for several low
doped manganites.31,33A picture of twofold symmetry is ex-
tensively distorted in the case of La0.8Sr0.2CoO3 exhibiting
the double-maxima most likely resulting from twinning ef-
fect fsee Fig. 9sadg. The main feature that demonstrates the
evolution of Mswd with pressure is a strong suppression of
magnetic anisotropy with increasing applied pressure for
both crystalsssee Fig. 9d. These changes with pressure are
clearly discontinuous: the anisotropy decreases slightly only
up to pressure of 8 kbar and then suddenly drop down sig-
nificantly. This behavior is exposed in the insets of Fig. 9
where the maximalMmax and minimalMmin values of mag-
netization at 15 kOe taken in orthogonal directions of theac
plane are shown as function of pressure. The pressure effect
is more pronounced for La0.7Sr0.3CoO3 with developed long-
range FM order, where the magnetic anisotropy dramatically
decreases in a very restricted region of pressure, leading to
nearly isotropic magnetization within theac plane at P

.9 kbar. These radical changes in magnetic anisotropy
around pressure of 9 kbar together with an anomalous be-
havior in spontaneous FM momentM0 strongly suggest that
some kind of a pressure-induced phase transition occurs in
both La0.8Sr0.2CoO3 and La0.7Sr0.3CoO3 single crystals.
However, no indication of the structural phase transition was
found in La0.82Sr0.18CoO3 single crystal with pressure vary-
ing up to 140 kbar despite the dramatic pressure-induced in-
crease of electrical resistivity occurred.17 Hence, the origin
of the above-discussed pressure-induced changes in magne-
tization remains puzzling and further studies including vari-
ous kinds of high-pressure measurements have to be carried
out to clarify this unusual behavior.

In summary, we have investigated the pressure effect on
magnetic order in low-doped La1−xCaxCoO3 and
La1−xSrxCoO3 single crystals and polycrystals. It was found
that applied hydrostatic pressure suppresses strongly the FM
interactions in Ca-doped materials leading to a remarkable
suppression of the FM phase. Simultaneously observed the
decrease of an effective spinS with pressure supports expla-
nation that, a dominant mechanism of pressure-induced sup-
pression of DE FM interactions in La1−xCaxCoO3 is attrib-
uted to an increase of the energy of the crystal-field splitting
DCF, leading to a depopulation of the LS state and suppres-
sion ofeg-electron hopping. In contrast, a very complex pres-
sure effect critically depending on doping level was found in

FIG. 9. Angular dependence of the magnetizationMswd of
La0.8Sr0.2CoO3 sad and La0.7Sr0.3CoO3 sbd single crystals in theac
plane at applied magnetic field of 15 kOe under various pressures.
Insets show a variation of the maximalMmax and minimalMmin

values of magnetization with pressure.
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La1−xSrxCoO3. It appears that pressure clearly enhances the
FM interactions in the spin- or cluster-glass state as well as
in the long-range FM state atx=0.3 but surprisingly the pres-
sure coefficientdTC/dP changes sign at the percolation
threshold aroundx,0.2. This intricate behavior indicates on
a competition of at least two different mechanisms respon-
sible for pressure effect in La1−xSrxCoO3 with an expanded
unit cell caused by doping with a large size ion.

For both La0.8Sr0.2CoO3 and La0.7Sr0.3CoO3 single crys-
tals with well developed long-range FM order, a drastic
changes in magnetic anisotropy in theac plane were ob-

served under applied pressure of about 9 kbar, leading in the
case of La0.7Sr0.3CoO3 to nearly isotropic magnetization
within the ac plane atP.9 kbar. The radical changes in
magnetic anisotropy suggest that some kind of a pressure-
induced phase transition occurs in both crystals.
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