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Pressure-tuned spin state and ferromagnetism in La,M,CoO; (M=Ca, Sr)

I. Fita,? R. Szymczak, R. Puzniak, I. O. Troyanchulk J. Fink-Finowicki! Ya. M. Mukovskii/
V. N. Varyukhin? and H. Szymczak
nstitute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, PL 02-668 Warsaw, Poland
Donetsk Institute for Physics and Technology, National Academy of Sciences, R. Luxemburg Street 72, 83114 Donetsk, Ukraine
3Institute of Solid State and Semiconductor Physics, National Academy of Sciences, 220072 Minsk, Belarus
4Moscow State Steel and Alloys Institute, 119991 Moscow, Russia
(Received 2 December 2004; revised manuscript received 22 March 2005; published 3 June 2005

Pressure effect on magnetic order and anisotropy of low-doped,CaCo0O; (0.1=x<0.2) and
La;,Sr,Co0; (0.1<x=<0.3) single crystals and ceramics was studied by magnetization measurements. It was
found that applied hydrostatic pressure leads to a quite different effect on ferroma@iétimteractions in
materials doped with ions of different size. For;LgaCo0;, 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 momept 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
(trg—&y), leading to a suppression ef-electron hopping. In strong contrast, an opposite pressure effect on
ferromagnetism was found in L3S, CoQ;. 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=faB 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 jn,85C00; 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 Lg;Sry C00; to nearly isotropic magnetization within tlae plane atP >9 kbar. The radical changes
in the magnetic anisotropy suggest some kind of pressure-induced phase transition.
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I. INTRODUCTION smaller than that of IS G6 (0.717 A (Ref. 18 and the
difference in ionic radius leads to lattice-volume expansion
Doped cobaltite perovskites £aM,Co0;  observed at the LS IS transitiont®

(M=Ca,Sr,Bg, exhibiting such intriguing properties as large |t is generally accepted that the ferromagnetism in hole-
magnetoresistanéé and enormous Hall effeéthave re- doped La_M,CoO; arises as a result of the double-
cently attracted much attention due to their unique feature texchanggDE) interaction between G6 and Cd*, facilitat-
change the spin-state of the ¥oion*-13 The additional ing also the electrical conductance in the ferromagnetic
spin-state degree of freedom provides new physical effectsnetallic (FMM) phase. Similarly to the case of doped man-
leading to unusual magnetic and transport properties as conganites, the ferromagnet{&M) state evolves as a result of
pared with those found in manganites. The spin-state of urincreasing doping level at low, in the paramagnetic matrix
doped LaCoQ exhibits a gradual crossover with increasing 0of LaCoO; with dominant antiferromagnetitAFM) super-
temperature from the low-spifLS) state (tszgeog;S:O) to exchange interactions bg(t)ween 3C?cthroy.gh a spin- or
the intermediate-spin(IS) state (tSZQelg; s=1) at around c!uster-gla;s—statg regidh? The competition of different
100 141 Ths resuls rom the competion between com- 475 S terectons leads (o, & hahly iomogeneous
?tzék()a;esgllittir:\];ggggdtﬁetirr]:taragrt)ésra?élf;ﬁlr? d Vg'}:gh;?geég‘vﬁh glass regions, and hole-poor LS regichs? However, the
energyJ, leading to redistribution of electrons betweigp hole-doping effect on the transport and magnetic properties

: : " is more intricate in cobaltites as compared with that one
ande, levels. SinceAc is found to be very sensitive to the j, manganites because the DE mechanism involves the
variation in the Co-O bond lengtfdc, o), the subtle bal-

¢ . t,g—€y energy, which is dependent on lattice parameters and
ance betweedcr andJe, may be easy disrupted by different crystal symmetry. Partly for this reason, orthorhombic

kind of effects such as hole-doping and chemical or externaqiqo_‘,)c;;b_s(;oo3 (R=La,Pr,Nd with Acr weakly dependent on
pressuré®!’ Both, chemical pressure on Cg@ctahedra, the doping level, doped by smalllt ions do not achieve the
generated usually by decreasing the average La-site ionigetallic state and their ferromagnetic moment remains small,
radius(r), and external pressure lead to the insulating nonwhile the rhombohedral Sr- and Ba-doped compounds with
magnetic LS state becausg.r strongly increases with de- larger unit cell and smallek-r become metallic with rather
creasing the Cogvolume, causing depopulation of the mag- large FM moment:®

neticey level. Pressure is expected to favor the population of Due to strong dependence Afr on Co-O bond length,
the LS state since the ionic radius of LS%¢0.685 A is  the pressure appears to be a unique tool for tuning the ferro-
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magnetism in doped cobaltites by modifying thg-e, en-  found to be single phasgseudocubic with slight rhombo-

ergy splitting. A_nother .impqrtant parameter, controlling theedral distortions, space grol8c), as confirmed by pow-
strength of DE interaction, is the €@-Cobond angle(6),  der x-ray diffraction. The point Laue patterns indicated some
which is directly related to electronic transfer energy be-twinning, usually observed for pseudocubic perovskites. Ad-
tween Co atoms. While it is general feature of manganitegjitionally, the polycrystalline samples of §gCa, ,CoO; and
that external pressure increas@sjriving system to FMM of Lao.85Sro.1£0Q,’ were prepared by a standard ceramic
state?® it is known that the value of the angle increases route. The polycrystal of LgCa, ,CoO; was employed to
under pressure for rhombohedral LaGo@ef. 18 but re-  extend the range of the investigation of Ca substituted
mains nearly constant for orthorhombig £& :Co0;2* It samples since we were not able to grow single crystals of
means that the structural response for the external pressureyig, ,Ca CoO, with well-fixed Ca-content fox as high as
less obvious in cobaltites. The pressure effect on transpo.2. Please note that, similar difficulties in the growth of
and magnetic properties of cobaltites consists of two maimsingle crystals with higher Ca-doping level were reported in
competing effects of different origin. The already discussedRef. 6. The polycrystal of LisSTo 1£C00; was employed to
mechanism related to increase of the-e, splitting strongly  verify if the measurements performed on polycrystalline ma-
suppresses the electron hopping and consequently the ferrgrials provide an reliable data. The details of growing con-
magnetic interactions and conductance. The latter is eXpeCtQﬁtion and Sintering procedure induding X-ray and neutron-
to favor ferromagnetism with increasing. Combining (iffraction data are presented elsewh&ré’
chemical and external pressure one can separate different Cylinder-shape samples with typical size of 1 mm in di-
physical mechanisms responsible for ferromagnetism ilymeter and 4 mm in height were used for measurements of
La; «M,CoO; and clarify if the DE interactions play an magnetization(M) under hydrostatic pressuré®) up to
essential role on it. Although this issue is of significant in-12 kpar. All the magnetic measurements were performed in
terest there are only few pressure studies on transport anfe temperature range 5-240 K at magnetic field up to
magnetic properties performed until now Ry_,CaCo0; 15 kOe using a PAR model 4500 Vibrating Sample Magne-
(R=La,Pr,Nd (Refs. 524 and in L& gSh1dC00;'" The  tometer. For these measurements a miniature container of
electrical resistivity was found to increase under pressure forBe with inside diameter of 1.42 mm was employed as a
all of the studied samples. For 4 8Sfo14C00;, the reduc-  pressure cetf and a mixture of mineral oil and kerosene was
tion of Co magnetic moment and &t was observed simul- sed as a pressure-transmitting medium. The pressure at low
taneously with the tendency to develop of an insulating stateemperatures was determined by the pressure dependence of
This unusual behavior, which is opposite to that observed fofhe superconducting transition temperature of pure tin placed
manganites, reveals that the effect driven by increading  near the sample.
leading to suppression of the electron hopping and ferromag- Temperature and field dependences of magnetization
netic interactions, clearly dominates over the opposite effeci;(T) andM(H) at ambient pressure and various value®of
caused by increasing the bond anglevioreover, the corre-  \yere measured for each of the studied samples. For single
lation between Co magnetic moment afig, found for  crystalline samples, the angular dependences of magnetiza-
Lao.g2510.16C00; strongly suggests that the FM interactions tjony in theac plane at low temperatures were determined for
depend on the crystal-field splittiniicr, in compliance with  gach fixed value oP. Later on thel(T) andM(H) measure-
specific DE mechanisil. . ments were performed for the direction of easy axis of mag-
In order to clarify the intriguing origin of pressure effect neization in theac plane. In this way, magnetic-field orien-
and of interplay betwgen the @*ospin-_state_: degree of free- tation was fixed in the measurementshofT) and of M(H)
dom and ferromagnetism, we report, in this paper, the resultgeengences with various pressures, what was important for
of magnetization measurements under pressure perform rrect interpretation of magnetization changes in cobaltites

for La;,CaCo0; and La_,Sr,Co0; single crystals and ce- ith rather st ti isot
ramics with different doping level. While for Ca-doped ma- With rather strong magnetic anisotropy.

terials, we observed the remarkable suppression of both mag-
netic moment in the FM state arif, in good agreement
with the tendency to develop insulating state with increasing
pressuré, more intricate pressure effect was found surpris-  La,_,Ca,Co0;. Figures 1 and 2 present the pressure effect
ingly in Sr-doped compounds. Namely, the enhancement adn magnetic order in low doped single crystéts-0.1 and
FM cluster phase at low doping and a drastic change in the=0.15 by zero-field-cooledZFC) and field-cooled(FC)
anisotropy of long-range FM order, indicating a some kind ofmagnetization vs temperature measuredatL00 Oe and by
pressure-induced phase transition at higher doping levekC hysteresis loops of magnetization at low temperatures.
were observed. All of the M(T) andM(H) curves presented are taken at the
direction of easy axis of magnetization, determined previ-
Il. EXPERIMENTAL DETAILS ously from the angular dependence of magnetizqtion in the
ac plane(not shown. Both compounds exhibit an inhomo-
Single crystals of La,CaCoO; (x=0.1;0.19 and geneous magnetic ground st&fé clusters embedded into a
La;,Sr,Co0; (x=0.1;0.2;0.3 were grown by a floating paramagnetic matr)xwhich manifests itself at low tempera-
zone method using radiative heating under oxygen pressutares by a pronounced divergence of ZFC and MCT)
of 1 bar with a typical growth rate of 1 mm/h. Crystals were curves. In addition, th&(H) curves show the spontaneous

Ill. RESULTS AND DISCUSSION
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FIG. 1. Temperature dependence ®f,-c and Mg for =
Lag oCa 1C00; single crystal measured at 100 Oe in Heplane at )
ambient pressure and under 10.7 kbander pressur®c only is E
presentell Insets show the hysteresis loops of magnetization at =
T=5 K at ambient pressure and at 10.7 kbar and a variatidvl pf 10 -
with pressure.
. . 204 & 0 pebar 10
FM moment (My) extracted by a linear extrapolation of — T T — T T
M(H) from high-field region taH=0. The ZFC-FC irrevers- 5 1 5 0 5 10 IS
ibility below 100 K and the peak in ZFC magnetization both H (kOe)

observed at ambient pressure inyk@a, ;C0o0; (see Fig. 1
have been attributed to the formation of a cluster-glas?_
state?® The FM hole-rich clusters of small size with mobile ,

. . under various pressures. Inset shows a pressure dependence of the
phase boundaries are assumed to appear around the Ca ig0s

. - A Urie temperature(b) Hysteresis loops of the magnetization of
as a result of the phase separation. It is shown in Fig. 1 th 2 5:C 1:C00; at T=20 K under various pressures. Insets show a

an applied 'pressure §uppresses strongly this ,FM Clus'“:V‘)'ariation of the spontaneous momévhg and coercive fieldH with
phase, leading to the disappearance of the pedk,n- and pressure.

reduction in the spontaneous FM moment by 30% at

10.7 kbar. This behavior is opposite to that one typical fF’rdenced at 90 K by a pronounced hysteresis of low field
low doped _ma.ngamte_s, where the FM cluster phase fracuoch(T) taken upon cooling and warming, see ambient pres-
enlarges with increasing pressure. sure data presented in Fig(b3. Most likely, this hysteretic
furme?dgcl)té)oen 4 t(lj_;h;azpfgggjngin?j)nlzswatcelz?tgrs%k::;e,i nth%ehavior is associated with a first-order structural transition
crease iMec, indiéigzitinglferromagnetism at temperatures be-gi(; ?OU;?? db(\)/gffrziicngcafz? E)@gg)hgg&n?rﬁ?]rgi%ﬁrsoeﬁ

low T-=100 K, see Fig. @). The long-range FM phase has i ;
beenC recently identgi]fied by negl]Jtrong diffrapcﬂonin powder-diffraction measurements by Burleyal” The tem-

La,_,CaCo0; and found to spread over significant fraction Perature ofR3c— Pnma transition was found to increase
of the samples fox>0.1. It is shown in Fig. 2 that an dramatically from 0 to 300 K for Ca content of around
applied pressure decreases both the Curie temperature anf-2 Whenx increases by 0.03 only. Probably, due to a small
spontaneous FM moment at 20 K for J@Ca, 1<C00; and deviation from stoichiometry our sample indicates the lower
the observed changes B and of M, can be approximated values of bothT. and structural transition temperature, as
by linear pressure dependence with the coefficients ofompared with those reported in Ref. 7.
dTc/dP=-1.16 K/kbar and ofiMy/dP=-0.22 emu/g kbar ~~ We found that the hysteresis Mg(T) shifts rapidly to
for T and forM,, respectively. This implies that the ferro- low temperatures with increasing pressure and disappears
magnetic interactions weaken and the FM phase volum@bove 5 kbar. This unequivocally implies that the ortho-
fraction contracts gradually with increasing pressure. rhombic phase collapses under pressure. The behavior is in
The very similar negative value of pressure coefficientagreement Withhe expectation that an external pressure acts
dTc/dP=-0.92 K/kbar, was found for polycrystalline in favor of theR3c phase with the unit-cell volume smaller at
Lag gCa ,C00; from M(T) data presented for several pres- low temperatures as compared to that of Bh@maphase.
sures in Fig. 8). In addition to the ferromagnetic behavior The latter unique feature of L3CaCoO; unit cell is di-
similar to that observed for the=0.15 sample, th&=0.2  rectly related to the changes in the averagé*Gpin-state,
composition exhibits additional transition beloW, evi-  as discussed in Ref. 7.

FIG. 2. (a) The temperature dependenceM§rc and Mg¢ for
ap g=Ce& 1£C00; single crystal measured at 100 Oe in #eeplane
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FIG. 4. Temperature dependence M for LagCa) ,C00;
§ FC 20K polycrystal measured at 15 kOe under various pressures. Inset
E 0 shows a discontinuous change Mgc with pressure at low
s —o—P=0 temperature.
—a=—3.72 kbar
104 —*— 102 kbar average C¥ spin-statgby increase of the LS fraction in the
sample due to the contraction of unit-cell at thenma
-204 — R3¢ transition.
——T — Further evidence for the origin of negative pressure effect
‘15 -10 5 0 5 10 15 on ferromagnetism in La,CaCoO; was obtained from in-
H (kOe) vestigation of the magnetic susceptibility in paramagnetic

state. TheM(T) curves measured for single crystals wih

FIG. 3. (a) Temperature dependence Mzrc and Mg for - _
Lag ¢Cap 2C00; polycrystal measured at 100 Oe under various pres-_ gblkénd X_d0.15 "%t the temperatures above 1%0 Kot 5
sures. Arrows indicate both cooling and warming regimesMeg - € under various pressures are represented in (@g.

at ambient pressure. Inset shows a pressure dependence of the CLPI"éthe pIOtSH/M YS temperature. The straight Ilne_s approxi-
temperature. (b) Hysteresis loops of the magnetization of Mate a Curie-Weiss dependeriddH=C/(T~6y,) with two
Lay 4Cay ,C00; at T=20 K under various pressures. Inset shows aindependent parameters. The slope provides the value of Co
variation of the coercive fieltHc with pressure. effective paramagnetic momente; while the intercept
yields the paramagnetic Curie temperatage For both crys-
Additional evidences for the pressure-induced transitiontals, an applied pressure shifeg, to low temperatures and
at low temperatures follow from the high-field magnetizationincreases the slope ¢f/M(T). The latter corresponds to a
data. The hysteresis loopd(H) at 20 K, presented in Fig. reduction ofu.s under pressure. Th@y and ue values de-
3(b), exhibit two features{i) the high-field magnetization termined, as described above, for several pressures are com-
decreases with increasing pressure as expected but clearlypared in Fig. %) and Fig. %c) with the data obtained for
nonlinear way, in the contrast to behavior observed forSr-doped compoundsee the second part of the chaptétr
Lag gCay 15C00; single crystalsii) the coercive fieldHc  should be noted that at ambient pressure b@thand e
diminishes by about twice in the value under pressure ofalues for Lg gCa, ;4C00; agree within 10% with those re-
10 kbar, and thedc(P) dependence demonstrates a distinctported for polycrystalline samplé$ while in the case of
change in the slope around 5 kifaee the insefin contrast  La, Ca, ;,C0O; these parameters are distinctly lower, most
to the almost linearHc(P) dependence observed for likely because of the overestimation of Ca content in our
Lag g:Ca 15:C00; [see the inset of Fig.(B)]. The former fea-  crystal.
ture was examined more comprehensively by additional The negative value of pressure coefficiel®,/dP ob-
measurements d¥1(T) in H=15 kOe, presented for various served for both Ca-doped samples, comparable in the order
pressures in Fig. 4. It is seen that the magnetization decreaset magnitude with that ofiT¢/dP, confirms conclusion of
smoothly with increasing pressure, at temperatures abovilae pressure-induced origin of the suppression of ferromag-
80 K, and clearly indicates discontinuity at low tempera-netic interactions in La,CaCoQO;. With an assumption of
tures. The pressure depended€P) taken at 20 K demon- DE ferromagnetic interactions, this behavior is in agreement
strates a gradual initial decrease and an abrupt droyp by  with observed pressure-induced suppression of conductivity
~10% at around 5 kbafsee the inset of Fig.)4This jump  (i.e., electron hoppingin LaysCa sC00;.° The pressure de-
in M at low temperature is a signature of the pressurependence ofues(P) with negative coefficientiues/dP<0
induced phase transition in §gCa, ,CoO;. We suggest that [see Fig. )] gains insight into a nature of suppression of
the sharp fall inM originates from a sudden change in the ferromagnetism in La,CaCoQO;. Observed remarkable re-
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La Sr a4 0350:31;' under various pressures. Insets show the hysteresis loops of magne-
S Bt tization at T=20 K at ambient pressure and at 10.1 kbar and a

variation of Mgy with pressure.

La Ca La Ca © [
bl y 22 ¢ the crystal. Both low-doped samples are placed on the phase
:ﬁéﬁ 1242 0.028 P 50 Yy p p p p

2
;,
B

04— —— diagram carrier content-transition temperature far below the
0 6 12 0 6 12 appearance of long-range FM phase and exhibit a mixed
P (kbar) P (kbar) glassy and FM cluster state, evidenced at low temperatures

by a marked divergence of ZFC and RGT) curves and by
FIG. 5. (8) H/M vs temperature curves for bgC& Co0;and  an existence of a spontaneous FM moment. The common
Lag g5Ca.15C00; single crystals measured at 10 kOe under variousfeatyre, which is evident from magnetization data, is that an
pressures. Solid lines are a Curie-Weiss fit with two |ndependenépp|ied pressure enhances the FM moment in both samples.
parametershy and uegr. (b) Pressure dependences of paramagneticrpg gffect is more pronounced for the0.1 sample where
Curie temperaturéiy for La;C3C00; and Lq*XSTXCOQ with both FC magnetization and FM moment at 20 K increase by
x=0.1; 0.15.c) Pressure dependences of Co effectlv_e paramagnetlglbOut twice under pressure of 10 kbar. This behavior is
omtl)?em et or L21C3,C00; and LaSKCo0; with x=0.1; strongly contrasted with discussed already the negative pres-
o sure effect on ferromagnetism in £.gCaCoQ;. In order to

duction in the Co effective paramagnetic momept;  Verify the increase of FM moment with pressure, we have
=g[S(S+1)]"2ug, suggests, within a simple spin-only picture
(g=2), a considerable diminishing the effective s@minder 24
pressure. This effect is attributed to an increase of the energ
of the crystal-field splittingAcr in accordance with global
feature of cobaltites. As it was proposed in Ref. 17, such ¢
pressure-induced increase &g leads to a suppression of 16
electron hopping of ay electrons and, consequently, to aE
decrease of DE FM interactions. This mechanism is domi-g
nant in La_,CaCoQ; as it is evidenced by good correlation
between thau./dP anddT./dP and/ordé,,/dP data. The
contribution to the pressure effect caused by variation of the
Co-0O-Co bond angle# seems to be much smaller in
Ca-doped cobaltites. In fact, a very insignificant changé in
under pressure of 20 kbar has been found jrd2, ;CoO;
(Ref. 29 in contrast to the large increase of the-Co Co T®)
bond angle(by =10° at 40 kbarin LaCoG;.*8

La; xS, CoO;. Figures 6 and 7 present the temperature F|G. 7. Temperature dependence yrc and Mg for
and field dependences of magnetization measured undeg, 4Sr, ,{Co0; polycrystal measured at 100 Oe at ambient pres-
various pressures for kgSr, ;Co0; single crystals and sure and under 11.2 kbar. Insets show the hysteresis loops of mag-
Lag gsSIp.16C00; ceramics. For single-crystal sample the netization aff=20 K at ambient pressure and under 10.1 kbar and a
magnetization is taken along the easy axis indh@lane of  variation of My with pressure.

La,,St, .CoO,

0857015

250
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analyzed the paramagnetic phase properti(_as. for both 1@ La Sr _CoO 1 Lo s

Lay oSlp 1C00; and La gsSK, 1£C00;. Results of fitting the v P3=0 215 07w

Curie-Weiss parameters f(T) curves measured at 10 kOe 4 = o 0.6 kbar

under various pressurésot shown were presented in Fig. Moy, el T =212+03 P

5(b) and Fig. %c). It appears that the paramagnetic Curie . | A“A“AAAAA L

temperatureé,, increases noticeably with increasing pres- %" i

sur_e,_sgggesting an increas_e of ferromagnetic interacti_ons. g 24 La s coo 3 Q\B\D\q

This is in good agreement with low-temperature magnetiza- s _r ;;0 : ] 1a sr,

tion data indicating the pressure-enhanced FM moment in | 08 Kkbar {7.=1506-028p

low doped La_Sr,CoO;. The 6,(P) dependences presented ’ RN

in Fig. 5(b) directly demonstrate the opposite pressure effect o FC 1000e P (kbar)

on FM interactions in Ca- and Sr-doped cobaltites, suggest- T T T T

ing different structural response for compounds doped with 0 100 300

ions of different ionic radius. On the other hand, the pressure

dependences of Co paramagnetic momeg{P) appear to 304 (b)

be quite similar for compounds doped by Ca or Sr atoms l 1A

with the values of pressure cqefﬂuerdweﬁ/ dP<0 compa- 204 1. Sr CoO %

rable in the magnitude, see Figich The latter quantity can 1 o802 /

be served as a rough measure of the rate of the increase of _ 104 FC 5K é//j

crystal-field splitting energy g (or the rate of increase in %D 0 ,

the population of LS stajewith increasing pressure in accor- E { —o—P=0 ﬁ/ = 27 B

dance with universal feature of cobaltites. 5 -10q —+—7.7 kbar / 3 /
The pressure-enhanced ferromagnetism in Sr-doped co- ] —*—10.4 kbar /ﬁ/é. ) g 24'D\‘3\D

baltites appears to be in contradiction with recent observa- | s il s 7

tion of the pressure-induced suppression of ferromagnetism 30 cesasenmmmavastess P (kbar) 10

in Lag Sy 14C00; single crystals! In order to illuminate —T—T T T

this confusion we have investigated additionally two higher- A5 -1 5 0 5 1015

doped samples of LaSrCoO; single-crystals with ex- H (kOe)

pected long-range FM order. FiguréaBshows the tempera-
ture dependences of low-field FC magnetization measure

along the easy aX|S_ of magnetlzatlon in e plane under ac plane at 100 Oe at ambient pressure and under 10.8 kbar and
ambient pressuréP=0) and unde.r high pressure for both 9.6 kbar for the first and second crystal, respectively. Inset shows
Lag gSh.2C00; and L@,7S.ro_3C-oO3 Slngle_ Crystals: Th‘M (_T) pressure dependences of the Curie temperafoirélysteresis loops
curves reveal a sharp rise in magnetizatiomatindicating  of the magnetization of LST, 2C00; at T=5 K under various

on ferromagnetism. AP=0, Tc values determined by a pressures. Inset shows a nonmonotonic variationMyf with
maximal slope inM(T) are in agreement with the data of pressure.

phase diagram carrier concentration-transition temperature

for La;Sr,CoO; (Ref. § and Tc~151 K found by us for  different mechanisms discussed above. The change of the
the x=0.2 sample is very close to that reported forsign of pressure coefficiertT./dP may be a signature of
Lag g:S1p.16C00; single crystals in Ref. 17. It appears tiat  first-order transition from localized to itinerant electron be-
varies with pressure in different manner strikingly dependinghavior, with discontinuous decrease in-C® distance, oc-

on doping level. The inset of Fig.(& shows the linear curring due to the bondlength fluctuations as proposed by
dependencesTc(P) obtained for LggSh Co0; and  Goodenougtet al3° In fact, a discontinuous contraction of
Lag 7Sty 4C00; single crystals with pressure coefficients of the Co-O distance was observed in;L&rCoO; at x
opposite  sign, dTc/dP=-0.28 K/kbar and dTc/dP  =0.25 by Mineshigest all! Furthermore, an unusual com-

~ +0.3 K/kbar for the first and second crystal, respectively.pressibity of Ce—O bond length is expected to appear at the
It is notable that the value afTc/dP for our x=0.2 sample localized-itinerant crossover due to the bond-length fluctua-
is close in the magnitude to that previously observed in theions and such effect leads to change of the sign of pressure
sample withx=0.18 (=-0.4 K/kbaj, located near the tran- coefficient of tolerance factor in perovskit&swWe suggest
sition to FM metallic staté’ Hence, our results together with that this is crucial factor, responsible for the negative pres-
those of Ref. 17 suggest that an applied pressure suppressese effect on ferromagnetic interactions in;L&r,CoO;
ferromagnetism in the limited region of the phase diagramaroundx=0.2, where the percolation threshold of FM clus-
only, namely, at the percolation threshold, whereas the pregers is reached and the insulator-metal transition occurs.
sure generally enhances FM interactions in_Lar,CoO; for The sharp increase iT./dP detected for La,Sr,CoOs

both cluster-glass and long-range FM states. In addition, we the vicinity of the insulator-metal transition is quite simi-
found very recently the coefficietTo/dP=+1.07 K/kbar lar to that one observed recently in,Lg&CaMnO; (Ref. 3]

for Lag 5S1p sCo0; (Ref. 29 exhibiting the essentially metal- and in P5_,SrMnO; (Ref. 32 single crystals. The behavior

lic FM state. Such complex dependence of pressure effect amas attributed to the different nature of magnetic interactions
doping level may originates from the competition of two below and above the transition, namely, the DE interactions

d FIG. 8. () Temperature dependence bfyrc and Mg for
Lay gSry ,C00; and Lg 7SIy 3C0o0; single crystals measured in the
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dominate in the metallic state being more sgnsitive to pres- 30 (a'l) ' " H=15 110e,ac'p1ane' ) ']
sure than superexchange interactions dominating the mag- aEEEE m, ammEg
netic and transport properties below the transition. We sug- ] - ‘5‘ 'l;WEW "'1_ ]
gest that the above feature is inherent to doped perovskites .‘f ’ 3@:* - ;'f"é’f‘wﬁ%gﬁ "
exhibiting the insulator-metal transition. _ 204 /, sﬂgﬁ /*rfﬂ J
In contrast to doping with larger Sr ion, doping with g’ ?: g)f v
smaller C&" ion increases the global structural distortion E . La Sr _CoO, ol T L
driving the system from rhombohedral to orthorhombic E sk C] D-_‘E_"‘D‘DJ@
phasé®” and accordingly the crystal-field splitting.r does 104 _o—pp E . Fain
not decrease significantly with doping. Therefore, the num- —n—7.7 kbar Els--M—‘“"-—x 1
ber of thee, electrons does not increase substantially, the 1 —*—9kbar 1]
number of holes introduced into tig orbitals increase only, 0 P (kbar) 10
and the insulator-metal transition is not accomplished in T
La; ,CaCo0; (even Lg sCay sC0o0; remains nearly metallic
only).>8 For these reasons the DE mechanism does not work ol TTTTT LI
well in La;,CaCo0; and the alternative mechanism of o X
pressure-induced increase of the crystal-field splitfipg is d@**** 4
dominant leading to a remarkable suppression of FM inter- A’«S}
actions under pressure over whole range of doping. o

Figure 8b) presents the hysteresis loopgd(H) of

Lay ¢Sty ,C00; single crystals measured at 5 K along the @ J /

easy axis in theac plane under various pressurdd(H) 10d —o—7kbar E N - i
curves demonstrate a clearly nonmonotonic change of spon- —%x—84kbar ¥ ZO'T ———

taneous FM momen¥l, with increasing pressure in the re- 1 —=—10kbar  p (xbar) 10

gion of 11 kbar. In the inset of Fig.(B), it is shown thatM, 0 y T T y T T

decreases gradually with increasing pressure up to pressure 0 0 180 270 360
of 8 kbar and then sharply rises by about 20% in the magni- Angle (deg.)

tude around pressure of 9 kbar. Such an anomalous behavior )
in M, strongly suggests a pressure-induced phase transition F'G- - A”g”'arddepe”de'ge Ofbthe, mlag”et'zﬁtm@)h of
in Lag ¢Sy ;C00;. Studies of magnetic anisotropy in thae Lag gSIp 2C00; (a) and La 7Srp 4C00; (b) single crystals in thec

plane as a function of applied pressure provide an additionaﬁlane at applied magnetic field of 15 kOe under various pressures.

insight into this subject. The pressure effect on the magneticnsets show a variation of the maximlmg, and minimalMpiy

anisotropy of Lg ¢St ,C00s and La -St, £C00s single crys- Values of magnetization with pressure.

tals is evidenced by angular dependences of magnetization 9 kbar. These radical changes in magnetic anisotropy
M(¢p) measured in thec plane at 5 K and ati=15kOe  around pressure of 9 kbar together with an anomalous be-
under various pressures, as shown in Fig. 9. &)  havior in spontaneous FM momelit, strongly suggest that
curves reveal a twofold symmetfy.e., two maxima ofM  some kind of a pressure-induced phase transition occurs in
occur in the full angular rang < §<360°)] suggesting an both La, ¢St ,C00; and Lg-St:Co0; single crystals.
easy-axis anisotropy in thac plane. In addition, a minor However, no indication of the structural phase transition was
anisotropy in magnetization was found in tab plane sig-  found in La, g,Sr 14C00; single crystal with pressure vary-
nifying that the FM moment is directed along theaxis. A ing up to 140 kbar despite the dramatic pressure-induced in-
similar uniaxial anisotropy has been observed for several lowerease of electrical resistivity occurrédHence, the origin
doped manganites:*3A picture of twofold symmetry is ex- of the above-discussed pressure-induced changes in magne-
tensively distorted in the case of 4351, ,Co0O; exhibiting  tization remains puzzling and further studies including vari-
the double-maxima most likely resulting from twinning ef- ous kinds of high-pressure measurements have to be carried
fect [see Fig. %)]. The main feature that demonstrates theout to clarify this unusual behavior.

evolution of M(¢) with pressure is a strong suppression of In summary, we have investigated the pressure effect on
magnetic anisotropy with increasing applied pressure fomagnetic order in low-doped L3CaCoO; and

both crystals(see Fig. 9. These changes with pressure arelLa;_,Sr,CoO; single crystals and polycrystals. It was found
clearly discontinuous: the anisotropy decreases slightly onlyhat applied hydrostatic pressure suppresses strongly the FM
up to pressure of 8 kbar and then suddenly drop down siginteractions in Ca-doped materials leading to a remarkable
nificantly. This behavior is exposed in the insets of Fig. 9suppression of the FM phase. Simultaneously observed the
where the maximaM,,,, and minimalM,;, values of mag- decrease of an effective spBwith pressure supports expla-
netization at 15 kOe taken in orthogonal directions ofdlce nation that, a dominant mechanism of pressure-induced sup-
plane are shown as function of pressure. The pressure effeptession of DE FM interactions in L3CaCo0; is attrib-

is more pronounced for lggSr, :C00; with developed long- uted to an increase of the energy of the crystal-field splitting
range FM order, where the magnetic anisotropy dramaticallAcr, leading to a depopulation of the LS state and suppres-
decreases in a very restricted region of pressure, leading &ion ofeg-electron hopping. In contrast, a very complex pres-
nearly isotropic magnetization within thac plane atP  sure effect critically depending on doping level was found in
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La,_,Sr,Co0;. It appears that pressure clearly enhances theerved under applied pressure of about 9 kbar, leading in the
FM interactions in the spin- or cluster-glass state as well asase of Lg;SrC00; to nearly isotropic magnetization
in the long-range FM state &t0.3 but surprisingly the pres- within the ac plane atP>9 kbar. The radical changes in
sure coefficientdTo/dP changes sign at the percolation magnetic anisotropy suggest that some kind of a pressure-
threshold around~ 0.2. This intricate behavior indicates on induced phase transition occurs in both crystals.
a competition of at least two different mechanisms respon-
sible for pressure effect in LaSr,CoO; with an expanded
unit cell caused by doping with a large size ion.

For both La ¢Sty ,Co0; and Lg ;Srp 3C00; single crys- This work was supported partly by the Polish State Com-
tals with well developed long-range FM order, a drasticmittee for ResearckProject No. 1P 03B 038 27Ya.M.M.
changes in magnetic anisotropy in the plane were ob- gratefully acknowledges support from ISTC#1859.
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