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Magnetic and transport properties of polycrystalling L&aMnO5 (x=0.8,0.9 perovskites were investi-
gated in the temperature range 4.2—300 K, magnetic field up to 16 kOe and under hydrostatic pressures up to
12 kbar. The Lg;Ca MnO; compound exhibits a heterogeneous spin configuration in its ground state
[G-type antiferromagneti¢éAFM) phase with local ferromagnetid=M) regions andC-type AFM]. The x
=0.8 compound is mostly an orbital order€dype AFM. In the case of Lg,Ca gMnOs, an applied pressure
slightly increases the magnetic transition temperature and significantly enhances the FM component. Pro-
nounced hysteretic effects observed in k@a, jMNO5; may be attributed to the competition between the FM
and AFM fractions in theG-AFM structure. On the other hand, §#Ca gMnO; is insensitive to applied
pressure probably due to a robustness of orbital ordered state. Resistivity data point out that AFM ordering in
Lag ,Ca gMNO3 occurs at temperatures below orbital ordering.
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Perovskite manganites {aCaMnO; have been exten- ture of Ln,_,CaMnO; [Ln=Pr®’ Nd2 Gd? Y, Sm (see
sively investigated after the discovery of colossal magnetoreRefs. 7,9] manganites. Fax=0.8 (depending ori.n) the CO
sistance effect in optimally doped~ 0.33 compositiort:? It dominates and the spontaneous magnetization is close to
is widely accepted that the basic mechanism for electrozero®57° Refined neutron diffraction(ND) datd®*® of
transport in these oxides is a double excha(igl) interac- La;,CaMnO; (0.5<x<1) have shown the evolution of
tion mediated by hopping of spin-polarizeglelectrons, be- magnetic and crystallographic phases with doping and tem-
tween Mr#* and Mrf*, thereby facilitating metallic electrical perature.
conductivity and ferromagnetism. It is well accephtéuat the It should be noted that the effect of press(ifé on mag-

DE is also accounted for by electronic phase separédB&  netic and transport properties of hole-doped L@aMnO;

and the formation of ferromagnetic metalliEMM) clusters (LCMO) samples was the subject of a number of
in an antiferromagnetiCAFM) matrix. In general, the FMM  investigations:*-18 However, investigation of the effect of
phase occurs in hole-doped regime: 0s22<0.5. Forx  pressure on magnetic and transport properties of
>0.5 the electron-doped manganites are dominated byn,;_,CaMnO; (Ln=rare earth manganites in low-electron-
charge orderingCO) and do not show a FM ground state at doped regimeg0.8<x<1) is quite scarce. There are only
all. The complexity of manganites stems from the interplaystudies of charge ordered §ata, gMnO;3 (see Ref. 19and
between several competing interactions of comparable intermixed Y;_,CaMnO; and Sm_,CaMnO; (0.85<x=<0.9H

sity. Particularly, the electron-phonon coupling, associatedvith competing FM and AFM phasé8.It should be noted
with Jahn-Teller (JT) distortions of the Mn@ octahedra that the phase diagrams bf,_.CaMnO; exhibit a kind of
plays an important role in the insulator to metal transition.asymmetry with regard to magnetic properties aroundxthe
The distortions of the octahedra may give rise to the local=0.5. For example, in the region of electron dopitg
ization of thee, electrons. >0.5) ferromagnetic ground state was not observed, whereas

CaMnQ;, the end compound dlL.a,CaMnO; system, is  in the hole-doping regioiix<0.5) FM state prevails in the
a G-type antiferromagnét(Ty~120 K) in its ground state most of this region. This asymmetry may be accounted for
possessing a weak FM componéfitn the above spin con- by the strong JT distortions in the hole-doped regime with a
figuration, each Mn magnetic moment is antiparallel to itshigh enough amount of JT active Nthions, while in the
nearest Mn neighbors. Based on measurements of the resistectron-doped regime with the most JT nonactive*Mn
tivity and magnetization, Neumeier and C8Hrave distin-  jons, the JT effects are not expected to contribute to transport
guished four regions in the compositional range<0X8<1.  properties and magnetic ordering in the same way they are
Region 1(0.98<x<1.0) contains aG-type AFM and local expected for hole doping. Nevertheless, recently, ND data
ferrimagnetism. Region 1(0.93<x<0.98 contains local have revealed static JT distortion in ;L gCaMnO; (x
FM regions in aG-type AFM matrix. Region 111(0.84<x  =0.8,0.85 with low content of Mi#*.2° For the study of the
<0.93 containsG-type AFM, C-type AFM, and local FM  pressure effect on magnetic and transport properties of
regions. Region 1V(0.80<x<0.84 is a C-type AFM. It  electron-doped manganites, we have chosen two compounds
should be emphasized that the significant enhancement of they, ,CaMnO; (x=0.8,0.9 that show distinct magnetic and
spontaneous magnetization arowre 0.9, is a common fea- transport properties at ambient pressure and have been ex-
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FIG. 2. (a) Field dependence of magnetization at 5 K under
£~ P=11.5 kbar various pressuregb) A variation of My for Lag Ca jMnO5 at T
0 : : : 0.0 —l————— - ;
0 5 10 15 0 50 100 150 200 250 =5 K with pressure.
H 5 L. L . .
(kOe) K 107 K, a critical temperature that coincides with the Néel

temperaturé®13Note thatM(T) displays a minimum around
tizaliiloci{ flo.r(ﬁ) T%mper?‘tgrea(tjleap_egc:enr;cs_mlfzgz igi?ﬂizcr?;gnneii-c T~85 K, at ambient pressure in magnetic field of 15 kOe,
o e oot aol-rgl';"et S el e Ol I MEONEC which disappears @=10.2 kbarfinset to Fig. 1)]. M(H)
N TR M D FC - shows some hysteretic effects in this temperature refgiea
=10.2 kbar in magnetic fieltH=15 kOe.(b) Field dependence of Fig. 1(b)]. The plot of 1M vs T of FC curves at 15 kOe
magnetization at 80 K undeP=0 andP=11.5 kbar.(c) 1/M vs 9. - piot 0 L
temperature curves for haCay gMnO3z at P=0 andP=10.2 kbar. [inset of F'g 1a)] s given in Fig. 1c). It appears that ‘?‘bo"e
Solid line is a guide to the eye. the transition temperature the curves obey the relatiavi 1/
=C/(T-0), where changes from -350 K for parent
tensively studied recently by ND measureméfitd®> Mea-  CaMnO; (see Refs. 21,220 85 K for La, ;Ca, MnOs. This
surements performed under pressure allowed us to fintheans that the dominant effective magnetic interactions
which interactions play a dominant role in a given systemchange from AFM to FM ones upon doping of Ca by 10% of
i.e., we were able to distinguish if the dominant is competingLa, and they practically do not depend on applied pressure.
AFM-FM or orbital ordering. Figure Za) shows the magnetization of }ga MnO4
Measurements were carried out on polycrystallinevs magnetic fields at 5 K, under various pressures. The weak
samples, prepared by a standard ceramic route in air &jpontaneous magnetizatidhy, shown in Fig. 2a) is attrib-
1450 °C, starting from stoichiometric ratios of CaO,,0g, uted to the FM phase, whereas the AFM phase gives rise to
and MnG, with intermediate crushing and heating. Thethe linear M(H) dependence in the high-field region. The
x-ray data at room temperature were found to be compatibleoercive fieldHc is =0 for all of the applied pressures at 5
with an orthorhombic unit cell oPnmaspace group of a and 80 K[see Figs. (b) and 2a)]. Interestingly, the sponta-
perovskite structure with the lattice parameteras neous weak magnetizatioiM,=0.13 ug/f.u. at P=0) ob-
=5.3343 A,b=7.5519 A,c=5.3288 A, anda=5.3104 A,b  tained by a linear extrapolation of the high-field magnetiza-
=7.4970 A,c=5.3005 A forx=0.8 andx=0.9 samples, re- tion to H=0, is found to be strongly pressure dependbh.
spectively. Powder x-ray diffraction revealed no secondaryncreases linearly with increasing pressure and approaches a
phases. The experimental procedures of the magnetic anglue ofMy=0.28 ug/f.u. atP~11 kbar[see Fig. 20)].
transport measurements under high hydrostatic pressure are Figure 3a) presents the temperature dependence of the
described in detail elsewhet! resistivity of La, ;Ca JMnO; at P=0 andP=9.1 kbar. Both
Figure Xa) shows the results obtained for zero field curves exhibit a metallic behavigdp/dT>0) at tempera-
cooled (Mzec) and field cooled(Mgc) magnetization of tures 225—-300 K and the resistivity then increases with de-
Lag 1Cay gMnO; vs temperature under ambient presstPe  creasing temperature. The quasi-metallic behavior of
=0) and P=10.2 kbar in magnetic fieltH=100 Oe. It ap- Lay,Ca MnO; at T>200 K was observed previously by
pears that the magnetization sharply rises on cooling at abotteumeier and Cohh They pointed out that the temperature
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trary to the case of LgCa MnOs, the M(H) curves of
L Lay ,.Ca gMNO3 do not display spontaneous magnetization
FIG. 3. (a Temperature dependence of resistivity for below Too (see inset in Fig. % in agreement with results
Lag 1Ca MNnO; at P=0 andP=9.1 kbar. Inset shows the tempera- previously reported?
ture deptindence of magnetoresnsta_ncdDaD and '.329'1 Kbar, Figure 5 presents the temperature dependence of the re-
whereAp=p(14 kO8 - p(0). (b) Normalized hysteresis loops of dy- . .. % _ _
namic resistivity for Lg Cay MnO; at T=80 K underP=0 sistivity of Lay ;Ca gMNnO3 for P=0 andP=10.2 kbar. It ap-
A 3 ' pears that an applied pressure slightly reduces the resist-
ivity Lag ,Ca gMnO5 at temperatures 80—300 K. A maximal
ecrease in the resistivity, of about 20%, is observed at
=80 K. The p(T) curves for bothP=0 and P=10.2 kbar
exhibit some anomalies in the range 170—190 K, as can be
seen from the semilogarithmic dependeriEa. 5. It was
found previously that the resistivity of La,CaMnO; (0.8
<x=<1) at temperatures 50 K T<150 K can be described
by a single activation energl,, i.e., p(T)=pg exp(E./kgT),
which E,~85 meV for x=1, E,~30meV for

dependence op(T) observed is typical for heavily doped,
n-type semiconductors, and positive temperature coefficie
observed al > 200 K indicates that the chemical potential is
positioned in the conduction bafAdThe effect of applied
pressure on the resistivity is definitely seen only belGy
(that is also arc). The inset in Fig. 8) displays the varia-
tion of the magnetoresistan¢®IR) with temperature, show-
ing the following features(i) The resistivity practically does
not depend on magnetic fields in temperature regiorfor
130-300 K, while a relatively modest MR is seen in the
vicinity of Ty. (i) MR maximizes at temperatures slightly 1003 g
below Ty [Fig. 1@], namely, the maximum of MR is ob- ]
served at temperatures of 98 and 95 K f8=0 and P
=9.1 kbar, respectively. Figure(ly shows the hysteresis 10
loop of normalized dynamical resistivity Ry ]
=dV/dI(H)/dV/dI(0) recorded after zero field cooling to _ T
80 K. E 1. o Peo %ﬁ%«gﬁ
Figure 4 shows magnetization curves vs temperature for;: ] B0 A po10.2 kbar
Lay ,.Ca gMnO;. After the sample was cooled in zero mag- ] e, 10 150 200 250
netic field, the magnetization was measured upon heatin¢ |
and immediately thereafter upon cooling under a magnetic
field H=15 kOe. Peaks around 214 K at cooling and around
220 K at heatingP=0) occur near the structural phase tran-
sition at temperature of orbital orderinggo.t>*2A signifi- 100 150 200 250 300
cant hysteresis of about 10 K is observedPat0. It was Temperature (K)
found that an applied pressure produces a suppression of
magnetization in the vicinity offoo and also atT > Tpo. FIG. 5. Temperature dependence of resistivity for
Under a pressure of 11.2 kbar, the magnetization peaks occug, ,Ca, gMnO; at P=0 andP=10.2 kbar. Inset shows the activa-
at 210 and 213 K for cooling and heating, respectiV@llg. tion energy determined numerically by calculatihtn(p)/d(kgT)™*
4), i.e., the hysteresis is also decreased under pressure. Cdrem resistivity data foP=0 andP=10.2 kbar.

0 P=0, heating
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0.9=x=0.995, andE,~85-95 meV for 0.8&x=<0.88. Ac- Sy 1Ca& ggMnO; affects the ratio betwee@-AFM-P2,/m
tivation energyE,, in our case determined numerically by and G-AFM+FM-Pnmaphases, favoring certaini@-AFM
calculatingd In(p)/d(kgT)~* from resistivity data and shown +FM-Pnma phase at the expense GFAFM-P2;/m one.
in the inset of Fig. 5, is different than that given in Ref. 5. This effect was found to be relatively small at low tempera-
Apparently, the change ik, at ~210 K (see Fig. 5 corre- tures (T<Ty), and increases with increasing temperature
sponds to the orbital ordering0O). E, peaks atTy (T<T,), where competing phases are very close in engrgy.
~185 K, and decreases with decreasing temperature, a chakt a temperature of 100 K, an applied magnetic field
acteristic feature of magnetic semiconductors, wHgrele-  changes the ratio of phases fractions from 10/90%(@r
pends strongly on the long-range magnetic ofdérsimilar ~ -AFM+FM-Pnm3a/(C-AFM-P2;/m) at H=0, to ~60/40%
behavior of E,T) was observed recently for under an applied field of 60 kOe. The application of mag-
Pry 6£Ca 3gMNO3 by Cui and Tysorf? They used th&, peak netic fields at 5 K in the case of bgfa oMNO; have
as a mark for the shift i with pressure, but noted that markedly changed the intensity of bo8tAFM and G-FM
the charge ordering occurs at higher temperatures. magnetic Bragg peaks even at a magnetic field of 5 kOe,
Numerous investigations of magnetic and crystallographisvhile for C-AFM phase, the reflections are insensitive to the
PS in low-electron-dopetn,_,CaMnO; (0.8<x=<1)-2613  field up to 70 kO€3 One may conclude from the above ob-
have shown that a mixture @&- and C-type AFM phases servations that at low temperatures, where bGHAFM
associated witiPnmaand P2,/m crystalline structures, re- -P2;/m and G-AFM+FM-Pnmaphases differ in their en-
spectively, is a distinctive feature of these materials. Analo€rgy, the application of a magnetic field results only in a
gously, for the La,CaMnO; case, high-resolution ND reorientation of the FM spin compone(associated wittG
datd®-13suggest that mesoscopic phasesCoiFM regions  -AFM+FM-Pnmaphase along the field direction and does
(with no FM momenk and regions with couple@-AFM not affect theC-AFM-P2,/m phaset® Remarkable hysteresis
+FM moments coexist. The evolution of the monoclinic in bothM(H) andp(H) is observed at 80 KFig. 1(b)], but is
phase fraction at 20 K with La substitution has shown thatbsent forM(H) at 5 K [see Fig. 2a)] in compliance with
the above spin and crystallographic structures start to dehe above conclusion.
velop in CaMnQ with 6% La doping, and the ratio Applied  pressure  strongly increasesMy  of
(monoclinic/orthorhombic reaches about 20% and about Lay ;Ca gMnO3 [Figs. 2a) and 2b)] and decreases resistiv-
85% for x=0.9 andx=0.8, respectively?'® Temperature ity by about 35%, af = 80 K. The increasing of magnetore-
variation of lattice parameters for h.gCa qMnO3; has shown sistance under pressure correlates with the enhancement of
that magnetic ordering t@&- and C-type AFM-magnetic the FM volume fractiorisee Fig. 2b)]. However, the volume
structures occur concurrently with structural phase transitionfraction of C-AFM-P2,/m phase in LgCa, MnO; at 20 K
when theb axis decreases, the axis increases, and the is of about 20942 namely, even its full transformation to
axis remains nearly constalitAccording to Granadoet G-AFM+FM-Pnmaphase is not adequate to explain more
al.,'® G-type AFM matrix of La_.CaMnO; (0.85<x than twofold increase of FM-phase volume under a modest
<0.95 allows two types of FM contributiongi) relatively — pressure of about 11 kbar. In principle, two scenarios may be
small FM droplets having the average size-o10 A, the  responsible for the increase M, with increasing pressure:
concentration of which in th&-AFM matrix is proportional (i) An increase of the volume of FM droplets, inside Ge
to La doping; andii) the long-range FM component perpen- -AFM matrix, and(ii) an increase of the canting angle of the
dicularly coupled toG-AFM moments. G-AFM moments. Taking into account that the concentration
As already noted, the temperature and magnetic field desf magnetic droplets iis-AFM matrix is proportional to 1
pendences of the magnetization and resistivity for—x, and thatin LgodCa 9;MNO; (see Refs. 12,13with simi-
Lay ;Ca MNO4 (Figs. 1-3 show remarkable feature@) a  lar values of La doping and magnetization, the total cluster
large difference between bothl - and Mg curves, en- contribution to the sample-average magnetization is only of
hanced by applied pressure; afid both p(H) and M(H) about 10%, one may suppose that the increase in the canting
exhibit a hysteretic effect. Generally, the difference betweerngle is responsible for the increaseM under pressure. At
Mec and Mzec in manganites is induced by a “freezing” of the same time, the pressure-induced enhancement of both
magnetic moments in directions energetically favored byconductivity and magnetoresistance in the magnetically or-
their local anisotropy or by external field and due to FM-dered stat¢Fig. 3(@)] probably implies that the enhancement
cluster glass behaviéf In the case of Lg;Ca, jMNO;, such  of the volume of FM droplets also gives rise iy, under
effects may be enhanced by strong competition between difressure.
ferent magnetic and crystallographic structures, because Let us discuss the magnetic and transport properties of
=0.9 sample exhibits not only a structural phase transition-8 2Ca gMnO;. The peak in magnetization &t~215 K
followed by two magnetic transitiondT(C-AFM) and  (Fig. 4) is associated with a structural phase transition from
Ty(G-AFM), but also a clear decrease in tBeAFM order  high temperatur@nmastructure toP2;/m structure!®*3At
parameter belowTy(G-AFM).12 Similar effects were ob- teémperatures below the njag_netization maximum, the lattice
served recently for Br,£Ca, 5;MnO5.8 Fujishiroet al® sug-  Parameteb undergoes a significant decrease whileatend
gested that magnetic-field-induced lattice transformation be¢ axes parameters slightly incred$eThe structural phase
tween two different crystallographic phases is also a sourcifansition is also associated with the polarizationdgé-y
of hysteretic effects. Algarabedt al?® have shown using orbitals along the(lOl) direction, facilitating DE along the
high-resolution ND, that the application of magnetic field in FM chains characteristic oE-AFM.*? Despite the conclu-
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sion of Pissast all® on the second-order structural phase The combined magnetization and ND measureniérits
transition involving continuous_ change of catipn Qisplace—for electron-doped LCMO have shown that the sample with
ments, a pronounced hysteresis of the magnetization for the=0.8 undergoes an orthorhombic-to-monoclinic structural
cooling and heating was observed, denoting a first-ordefansition (at T~ 200 K), concurrent with a transition to
transition. In compliance with previous investigati$hSno - Ary state andC-type magnetic structure. At low tempera-
evidence was found for a FM moment in the monoclinicy oo “1e monoclinic fraction approaches about 80% of the
phase(s_ee inset in Fig. ¥ This obse_r\{athn agrees with the volume. In addition, the sample witk=0.9 exhibits one
conclusion that alk, electrons participating in FM double ) ’ , L

o structural and two magnetic transitiong(C-AFM) and

exchange along th€l01) chain directions ofC-AFM struc- . . .
ture rather than forming FM clustet$ Applied pressure of Tn(G-AFM), that results in mesoscopic phase separation of

11.2 kbar(Fig. 4) slightly decreases the magnetization in the ©-AFM regions with no FM component and regions where
vicinity of the M(T) peak and narrows the thermal hysteresis the long-range FM component is perpendicularly coupled to
The above observation showing a near insensitivitygfto  the G-AFM structure? The high enough density of FM clus-
an applied pressure indicates the high robustness of the diers results in a formation of a FM spin cluster gl&smani-
bital ordered state in LaCa sMnO;. Recent investigation fested by the significant difference between FC and ZFC
of the stability of the CO/OO state in LgCaMnO; (0.5 curves(see Fig. 1L Our magnetic and transport measure-
<x<0.9) has shown that in contrast x&=0.5,0.55 cases, the ments at ambient pressure are essentially consistent with the
CO/O0 temperature fox=0.75 and 0.8 is independent of ND results. There are some disagreements between our re-
high magnetic fields up tbl <140 kOe?® Combined data of sults and those observed by Lietjall? In conclusion, mag-
resistivity, magnetization, ultrasound, and crystallographynetic measurements and structural data show that the charac-
show that the strong increase of tl cooperative Jahn- teristics features observed in our samples are similar to those
Teller distortion mode occurs at the expens@gfleadingto  of Pissas group?*! The difference in the results of Lingt
concomitant suppression of FM and PS tendencies, and it igl.»2 and our observation may be attributed to the difference
responsible for the robustness of charge/orbital ordered statg the sample preparation.
atx=0.75-0.8° Q, is an orthorhombic distortion, with the ~ Recent investigations of hole-doped manganites at higher
in-plane bonds differentiating into a long and a short @¢. pressureg>20 kbay242931-34have shown that at relatively
is the tetragonal distortion with the in-plane bond lengthsiow pressures(~10—15 kba), dTo/dP>0, but may pro-
shortening and out-of-plane bonds extending, or viceyressively decrease at higher presgdré:33 Postorino et
versa2’:28 al.3? have pointed out that the AFM interaction increases
Figure 5 shows that a variation Bf, in a single activation  syfficiently at higher pressuré® > 40 kbay. This may lead
model is relatively small above 250 K. The temperature deyy the compensation of the effect of pressure Ten The
pendence of, shows that the simple activation forg{T)  gominant effect ondT./dP at relatively low pressures
=poeXP(Ea/kgT) may not be appropriate for the whole tem- (<20 kbay stems from a pressure-induced increase of the
perature range. At the same time, such a presentation may %ppn’]g integra| and Weakening of e|ectron_phon0n cou-
very useful to follow the changes in the conduction pjing. In this regard, a further study of structural, transport,
mechanisnt*?As pointed out earlier, thg, increase upon and magnetic properties as well as changes in orbital order-
cooling from ~240 K is associated with the formation of ing temperature of electron-doped LCMO at higher pressures
OO0, while the drop of th&, at T< 185 K is probably attrib- - may provide new information on the mechanism of charge
uted to entering of AFM order. It should be noted that in|ocalization and balance of competing interactions.
recent ND studi€’$*2of Lag ,Ca gMnO;, it was realized that In conclusion, we have found that FM component in
the temperatures of AFM orderingy and orbital ordering the G-AFM fraction of La, ;Ca MnO; is very sensitive
Too coincide. On the other hand, Pisseisal!® using ND o modest applied pressure. A pressure of 11 kbar doubles
data for Lg ,Ca gMnOz, have revealed that the monoclinic the spontaneous magnetization. Remarkable hysteretic ef-
angle increases from 90° at205 K to ~91.5° at low tem-  fects observed in botiM(H) and p(H) dependences of
peratures, while the ordered Mn magnetic structure is ObLa0_1CaO,9MnO3 below magnetic ordering temperature mani-
served only at a lower temperature of about 180 K. Theest significant competition of FM and AFM components in
study of electron magnetic respna_l?fbe(EMR) of our  G-type AFM structure. In the case of §sCa MnO;, an
Lay 2Ca gMnO; has shown the vanishing of EMR signal be- gpplied pressure slightly narrows the range of thermal hys-
low 190 K, indicating the establishing of AFM ordering at teresis associated with orbital ordering, whereas AFM order-
Tn<Too- It appears that the broad magnetization p&k ing is practically insensitive to pressure. The variation of an
~210 K) may be attributed to the hopping of thgelectrons  activation energy of Lg,CagMnO; with temperature indi-
at T>Too, Which brings about FM correlations through the cates a process of successive transitions to an orbital ordered

DE mechanism. At a decreasing temperature these electroggte at~210 K, and then to an AFM state with no FM
freeze and the FM fluctuations are replaced by &omponent at-185 K.

superexchange-driven AFM spin configurati@The reduc-

tion of magnetization under pressureTat Tog implies that This research was supported by the Israeli Science Foun-
the partial suppression of FM fluctuations may in turn pro-dation administered by the Israel Academy of Sciences and
mote AFM ones and may lead to hysteresis narrowing. Humanities(Grant No. 209/01
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