PHYSICAL REVIEW B 71, 224409(2005

Pressure effects on the magnetic and transport properties of Rr,Sr,MnO ; crystals near
the percolation threshold

V. Markovich!* I. Fita2® R. Puzniak® A. Wisniewski? K. Suzuki? J. W. Cochrané,Y. Yuzhelevskiil Ya. M. Mukovskii
and G. GorodetsKky
IDepartment of Physics, Ben-Gurion University of the Negev, P.O. Box 653, 84105 Beer-Sheva, Israel
2Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, PL 02-668 Warsaw, Poland
3Donetsk Institute for Physics & Technology, N A S, R. Luxemburg str. 72, 83114 Donetsk, Ukraine
4School of Physics & Materials Engineering, Monash University, P.O. Box 69M Clayton, Victoria 3800, Australia
5School of Physics, The University of New South Wales, Sydney 2052, Australia
6Moscow State Institute of Steel and Alloys, 119991 Moscow, Russia
(Received 21 December 2004; revised manuscript received 1 March 2005; published 13 Jyne 2005

Effects of hydrostatic pressure up to 11 kbar on the magnetic and transport propertigs,8f,MnO3
(PSMO were investigated in single crystals with various doping lexel0.22,0.24,0.26, in a wide range of
temperature. In similarity with other low doped manganites, PSMO exhibits a metal to insulator transition and
magnetoresistance maxima at the same temperateig,,. It was found that the magnetic ordering tempera-
ture Tc of the Mn spin sublattice andly, increase linearly upon applying the pressure. The pressure coeffi-
cientsdTc/dP anddT,, /dP of PSMO enhance around percolation threshold=at-=0.24 upon increasing
the doping level. According to the magnetization measurements it appears that the nature of the ferro-to-
paramagnetic phase transition in PSMO also varies at the crossover region, in a similar manner to that of
La;,CaMnOs3. At ambient pressure the transition for0.22 is of a second order while fa=0.26 it is of a
first order, a nature of a transition far=0.24 is not well defined yet. The effect of pressure-dfl kbar on the
kind of the magnetic phase transition is clearly seen in the cage ®24 sample. Applied pressure changes
the character of the phase transition from nearly a continuous dhe@to more abrupt, almost discontinuous
one atP=10.7 kbar. Measurements of magnetization and of ac susceptibility employed in our studies indicate
upon an ordering of the Pr magnetic subsystem and a cluster glass behavior at tempéigtares
(80—100 K, much lower thanT: (165—205 K. All of the results obtained are discussed with regards to
existing models of magnetic and transport properties of low doped manganites.
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I. INTRODUCTION is generally acceptable that the Curie temperafligede-

. . pends on the bandwidt®V, described by the following ex-
Manganites of the forniR;_,A,)MnO; (R is a rare-earth pression suggested for perovskife®V=cosw/ (dy,_o)>">,

ion and A is a divalent ion such as Ca, Sr, Ba,Jetghibita  \herew is the tilt angle in the plane of the bond adg, o
plethora of magnetic and electronic phases, depending on thg the Mn—O bond length. Though it is believed that the
level of the dopingx and the average A-site cation radius, pbandwidth scenario may explain qualitatively tfe(P)
(ra).*® The above-mentioned properties are related also tqariation, one cannot exclude the important role of the Jahn—
the tolerance factor toléR;_,A,—O)/2(Mn—O), where  Teller distortion and its dependence on lattice deformation.
R A,—O, Mn—O are the average cation—oxygen inter- For various optimally doped manganites=0.3) a definite
atomic distances, values of which are usually calculated fronrend in the dependence dif./dP on T was establishe8.
the ionic sizes:* It is widely accepted that colossal magne- Namely, the highedT./dP value corresponds to the lower
toresistance(CMR) arises mainly due to the double ex- Tc. It is generally accepted that such a trend is valid also for
change (DE) interaction mediated by hopping of spin- low-doped manganites®
polarized g, electrons, between Mt and Mrf*, thereby As already stated the magnetic and electric properties of
facilitating both the electrical conductance and the ferromagmanganites are very sensitive to external pressure, especially
netic (FM) coupling, in the ferromagnetic metallic phase. Onin the vicinity of percolation thresholg, i.e., of the critical
the other hand, certain electron orbital configurations enerdoping level at which a crossover from a localized-type con-
getically favor superexchand&E) interactions between lo- ductance ak<xc to itinerant one ak>xc occurs®'? The
calized electrons and may yield a formation of ferromagneticalculations of the pressure dependence of Curie temperature
insulating or antiferromagneti@AF) phases. have shown thadTo/dP descends with the increase of dop-
Details of the magnetic phase diagrams carriefing for x> xc. This result was confirmed experimentally in
concentration-transition temperature of CMR manganites area,_,CaMnO; (LCMO) and in La_SrMnO; where
usually obtained by magnetic, structural, and transport meadT./dP increases with doping at<xc, reaches a maxi-
surements performed under applied magnetic field. The hymum nearx; and then decreases monotonicaflyRecent
drostatic pressuréP) is yet another parameter, which can be studies of dTz/dP for La;_,CaMnO; (x=0.18,0.2,0.2P
used to change the equilibrium phase state of manganites. dtystald'? showed that the sensitivity of¢ to external
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TABLE |. Structural parameters, tolerance facttwl), average A-site atomic radius, Curie temperatlig, pressure coefficients dic
(dTc/dP) and of metal-insulator transition temperatgdd,, /dP), and paramagnetic Curie temperat(® for PSMO crystals.

Average
A-site
Tolerance  atomic
factor radius dTc/dP dTy,/dP
Composition a(A) b(A) c(A) V(A)3 (tol) A) Tc (K)  (K/kbar (K/kbar) 0 (K)
Pry.76S15.2Mn0O5 54951  7.7388 5.4847 233.24 0.9533 1.323 168+1 1.07+£0.1 0.6+0.1 177+3
Pry.76515.204MN0O5 54836  7.7388 5.4886 232.92 0.9555 1.326 177+1 1.6+0.1 1.74+0.1 191+3
Pry.7:S15.2gMInO5 54775 7.7355 54845 232.38 0.9576 1.329 203+1 2.2+0.15 1.95+0.1 2073

pressure is very low at<xc (dTo/dP~0.3 K/kbap, while  compositiont”:192°The values of the magnetic ordering tem-
dTc/dP is much higher forx>x.. Moreover, in the vicinity — perature for Mn spingsee Figs. 1 and 2 and Tablg dre
of Xc a change in the nature of para-to-ferromagnetic transicompletely consistent with the phase diagram of
tion was observed. Namely, in LCMO system the phase tranPr;_,Sr,MnO; series, which was constructed after exhaustive
sition at T changes from a continuous second order one foinvestigation of homogeneous and oxygen stoichiometric
low doping to a first order magnetic transition for samples’ Cylinder-shape samples having a diameter of
x> X 318-16 1 mm and height of 4 mm wit100 axis of rotation were

The P;_Sr,MnO5; (PSMO mimics in many ways the be- used for measurements of magnetization under hydrostatic
havior of the classic LCMO system. The two systems havepressure. The measurements were performed in the tempera-
the same sequence of magnetic phases upon doping, comgare range 4.2—250 K and magnetic fields up to 16 kOe, ap-
rable percolation threshol@x:.=0.22 for LCMO® and xc plied perpendicular to the rotation axis of the samples, using
=0.24 for PSM@’) and practically equalc at optimal dop- PAR (model 4500 vibrating sample magnetometer. Details
ing (Tc~ 250 K for x=0.3). It is worth noting that for both of the magnetic measurements under pressure are presented
systems the percolation threshold lies in the range of the

critical tolerance factor tgk0.962 where the transition 0.4 PeEEERooag Pr St MmO
from orthorhombic(c/a< 2) to pseudocubic phasg/a chﬂvvaww%%ﬂ@w e
~ /2) occurs. B 03 ovorroorr? R

In this work we report on the measurements of magneti- ~ § 02{ - T )
zation, ac susceptibility, and transport properties of hole = o0l ZC_y—pp | 7 \
doped Py_,Sr,MnO; crystals, having the level of the doping ) sweE=Pe.0 kgt YW 1006
near the percolation threshold. The nature of the magnetic 00| ® _‘f_k“kba,' . R
phase transition, the pressure effect on the Curie temperature, 0 50 100 150 200
as well as spin-glass behavior are discussed in conjunction 180 Tempersture ()
with recent data received on LCMO system. g IMW

Il. EXPERIMENT = 80"\‘\‘—\4\‘\
- T(Pr)=85-1.7P

Single crystals of Rr,SrMnO; (x=0.22,0.24,0.26 o 2 4 Pms‘ge(kbu)s 10 12
were grown by a floating zone technique, using radiative 100
heating!® The phase compositions of the samples at room i g
temperature were examined by x-ray diffraction. The unit S
cell of these crystals is orthorhombic havingPamaspace g 60 )
group, see Table I. Though ionic radius of Sr is greater than g © —
that of Pr [for twelve-fold oxygen coordinatidrf S i LA
PR*(1.29 A) and SF*(1.44 A)], increasing doping results in 20- P T=65K T=150K
the decrease of unit cell volume. This observation may be 7=100K T=160K
attributed to a progressive decrease of Jahn—Teller distortions oo 5 10 15
with increasing doping and a transition to rhombohedral H (kOe)

symmetry withR3c space group at high enough level of the FIG. 1. (Color onling (a) Field cooled(Mgc) and zero field

. 19 SN N
doping (x>0.3).* The calculated average A-site ionic rqdu cooled magnetizatiotMro) of Pry 7St ,MnOs crystal, measured
as well as the tolerance factors for PSMO crystals are listeg an applied magnetic fielth=10 Oe for various pressureé)

in Table 1. The variation of lattice parameters with doping aspressure dependence of the magnetic ordering temperdiyies

well as magnetization and resistvity data for RBLMnOz  T,(Pp of Mn and Pr ions, respectivelyc) Magnetic field depen-
(x=0.22,0.24,0.26 crystals agree well with results previ- dencies of magnetization at various temperatukdgis a sponta-
ously published for polycrystalline samples of similar neous magnetization.
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elsewherél'? A Lake Shore model-7310 ac-susceptometer
was used for the measurements of magnetic susceptibility at
a constant heating rate of about 2 K/min in temperature in-

— 03],
terval 20< T<300 K. The ac magnetic field applied perpen- 3 ool g 035 )f"'dg
E, —— P=6.2 kbar
S0
0

Pr, . Sr.  MnO,

dicular to(100 direction was equal to 1.25 Oe. Samples for P=0
resistivity measurements were prepared in the form of par- T.(Pr) _
allepiped with dimensions of 82 1.6 mn? and the long- 0l@®@ T —
est dimension along the axis of as grown cylindrical crystal. 0 50 100 150 200 250
Evaporated gold strips with a separation of about 0.5 mm
between the voltagéV) contacts were used for the custom-
ary four-point resistance measurements. Measurements of 4
magnetoresistancéMR) were carried out in a longitudinal g
N

14— P=10.7 kbar f

geometry for which magnetic fieltH up to 15 kOe was
aligned parallel to the current direction.

Ill. RESULTS

A. Magnetization

Figure Xa) presents field cooledFC) and zero field
cooled(ZFC) magnetization curvegMgc andMzgc, respec-
tively) of Pry 751 20MnOg crystal, forH aligned along the
easy axis in th¢100) plane. The abrupt change in the mag-
netization at abouT =165 K is attributed to the magnetic
ordering of the Mn sublattice. A change in the slopevif-

M (emu/g)

0 70 140 210
andM e observed aT ~ 80 K occurs supposedly due to the Temperature (K)
ordering of Pr moments. Such ordering of Pr moments was

found to be a characteristic feature of low doped or
Pr,_,CaMnO; (Ref. 21 and 2pand PSM3°23systems. The cooled magnetizatioMzgc of Pry76S15.24MNO5 crystal, measured

FIG. 2. (Color onling (a) Field cooledMgc and zero field

in an applied magnetic fieleti=10 Oe for various pressures. The
change in the slope of ZFC curve at ambient pressure is enlarged in
e inset.(b) The evolution of the kink ifMg(T) for x=0.24 with

Curie temperature of the Mn spin sublattidg;, at various
pressures was determined by the inflection point of the ma
netization curves. Observed difference between FC and ZFﬁ)ressure.(c) Pressure dependence @ for x=0.24 and forx

curves is typical for canted spin antiferromagnets and spi =0.26 crystals(d) Field cooledMgc and zero field cooled magne-

glasses. In this work we have stl_Jdled also the pressure d.ﬁiation Myec 0f Pl .St ,MinO; crystal, measured in an applied
pendence of the magnetic ordering temperature of Pr SPifhagnetic fieldH=10 Oe for various pressures.

sublattice, To(Pr) assigned by the maximal value of
dMzec/dT. The pressure dependencies of both ordering_ temMp — 4 kbar—this kink increases with increasing pressure
peratures;Tc and Tc(Pr) for Pro 765k ,MNOs, are shown in - [Fig. 2(b)]; (i) the temperatur@c increases with increasing
Fig. 1(b). Observed pressure coefficients for both temperapressure from 177 K @=0 up to 195 K forP=10.7 kbar,
tures are remarkably differentTc/dP~1.07 K/kbar while  thus exhibiting a pressure coefficiedT./dP~1.6 K/kbar
dTc(Pr/dP~~1.7 K/Kkbar; see Fig.(b). It should be noted [Fig. 2(c)]; (iii) the change in the slope ®flec and Mygc
that at higher pressures the change in the slopes of the magarves(at T~80 K for P=0) is attributed to the ordering of
netization curves atc(Pr) is less pronounced and this ham- pr momentgsee the inset to Fig.(8)]. Under applied pres-
pers the determination Gfc(Pr) anddTc(Pr/dP. sure this change in the slope of both magnetization curves at
Magnetization curvedd(H) at various temperatures and T.(Pr) is faintly discernible. AtT=5 K andH=16 kOe the
under various pressures were measured also along the easwgnetization reaches a value of 3,8J/f.u. and this quan-
axis in the(100 plane. TheM(H) data have been used for tity remains practically unchanged under an applied pressure.
determination of reduced magnetization, the temperature dé-inally, Fig. 2d) presents FC and ZFC magnetization curves,
pendence of which is presented in the discussion. For ambof Pry 7,51 ,gMINO; crystal, forH aligned along the easy di-
ent pressurd(H) curves are presented in FigcL Arela-  rection in the(100) plane. The abrupt change in the magne-
tively high magnetic field of about 10 kOe is required to tization at aboufl=200 K occurs due to the magnetic or-
saturate the magnetization &t 5 K. At this temperature and dering of the Mn spingT¢). The following features were
for H=16 kOe, the magnetization reaches a value ofbserved(i) the temperatur@. increases linearly with pres-
3.88 ug/f.u. at ambient pressure and 3.24/f.u. at P sure from 203 K aP=0 up to 227 K forP=11 kbar, hence
=11 kbar. exhibiting a pressure coefficiedfTo/dP~2.2 K/kbar[Fig.
Figure Za) shows FC and ZFC magnetization curves of2(c)]; (ii) the kink in theMg(T) curve around is visible at
Pro.7651h.24MNO;3 crystal also forH aligned along the easy all pressures and it is more pronounced than that ofxthe
direction in the(100 plane. The following features are no- =0.24 samplefiii) a very slight change in the slope at low
ticeable:(i) a kink in theMgc(T) curve appears nedic at  temperatures-60 K is visible only for theMgc curves. At
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Temperature (K) FIG. 4. (Color onling (a) The resistivity of the Ry;6Sr, ,MnOg

crystal as a function of temperature at ambient pressure afd at
FIG. 3. (Color onling (a) Temperature dependence of the ac =9 3 kbar. (b) Temperature dependence of the activation energy
susceptibility x’ measured at different frequencies fde)  determined numerically by calculatimtn(p)/d(kgT) "t from resis-
Pro.76510.22MN O3 single crystali(b) Pro 765t 24MNnO;3 single crystal.  tjvity data forP=0 andP=9.3 kbar.(c) Temperature dependence of
Dashed arrow shows the position of bending point yéf (c) magnetoresistance fét=0 andP=9.3 kbar.
Pry.7.S15.2gMInO5 single crystaly(d) Temperature dependence of the

inverse magnetic susceptibility of P¢Sr,MnO; single crystals. doped (x=0.18,0.2,0.22 LCMO crystals?lvlz The inverse

The susceptibility obeys Curie—Weiss law in the high-temperature - ’ .
region. b obey g P susceptibility y™* vs temperatur¢Fig. 3(d)] obeys Curie—

Weiss law y™*=(T-©)/C. The values of® obtained are
1Jisted in Table I. As expected? increases with increasing

T=5 K andH=16 kOe the magnetization reaches a value Odoping.

3.87 ug/f.u. at P=0 and again this quantity remains almost

unchanged under an applied pressure. . .
C. Resistance and magnetoresistance

_ o Similar to LCMO crystalg? all PSMO single crystals
B. ac magnetic susceptibility were twinned with small mosaicity, and therefore anisotropy
The results obtained for the ac susceptibility versus temeffects visible in magnetization measurements were almost
perature, at different frequencies are presented in Fig. 3. Weilly hidden in transport measurements. Figute) presents
show the real party’ only, because experimental problem in the temperature dependence of the resistiyif) for x
the determination ofy” arises due to the small phase shift =0.22 sample aP=0 andP=9.3 kbar determined at electric
with increasing temperature. Since the imaginary pédrts  current of =100 xA upon slow heating. AT <T, the re-
much smaller thary’, real party’ coincides practically with ~ sistivity of this sample becomes strongly current
total susceptibilityy. A sharp peak iny’ was observed for dependent® Similar to the behavior of low doped LCMO
PSMO crystals at ferromagnetic transition temperature of therystals with x=0.18 and 0.2} an application of high
Mn spin sublattice, plausibly associated with the critical soft-enough current at low temperatures produces transitions to a
ening of the ferromagnetic system nedg, see Figs. metastable state with lower resistiviLet us underline that
3(a)—3(c). In addition to that a sharp drop jyi was observed the resistivity measured in the heating and cooling runs,
around 100 K forx=0.22 sample, see Fig(8. The above- practically coincides, hence only data gathered during heat-
mentioned effects were found to exhibit distinct frequencying are shown in Fig. @). At temperatures well abové,
dependence. With increasing doping the anomalies of ac suthe resistivity can be well fitted by Arrhenius law of the form
ceptibility become less pronounc¢®=0.24 case, see Fig. p(T)=pyexp([E,/kgT). The activation energyE, of the
3(b)] and practically disappear for=0.26 [see Fig. &)].  Pr, 765K ,MMNnO3 sample at temperatures 210—300 K is about
This behavior resembles that one previously observed in low#25-130 meV and is much lower at lower temperatures, see
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12-Pr,_Sr, MnO, " 7. o somewhat lower than the MI transition temperature, deter-

mined by the resistivity peak; see Figab The shift of the
MI transition under pressufeee Fig. &c)] is similar to that
of Te [Fig. 2(c)]. At temperatures beloW, the resistivity
exhibits quasimetallic behaviofdp/dT>0). Moreover, it
demonstrates nonlinear conduction beldy albeit in less
pronounced manner than that for tke0.22 crystaf® The
N — resistivity can be fitted by a simple Arrhenius expression
100 150 200 250 300 only at high temperatures, above 220 K with~ 150 meV.
Temperature (K) It can also be reliably concluded thEf decreases slightly
under pressure. AP=0 and in the vicinity ofT¢ the MR is
approaching almost-75% and atP=9.3 kbar the MR in-
creases up te-95%. Temperature dependence of the resis-
tivity p(T) of Pry 74515 .eMNO5 crystal at various pressures is
shown in Fig. %b). Here again,T¢ [Figs. 2c) and 2d)] is
somewhat lower than the MI transition temperature. The
shift of the MI transition temperature under press{see

- 5 o i 55 Fig. 5(c)] is compatible with the corresponding shift ¢

[see Fig. Zc)]. In distinct contrast with the behavior of
Temperatyre (K) Pry.7eS15.2MnO; crystal, the resistivity ok=0.24 and 0.26
225 1,,=208.1+1.95P ~ %6 samples is metallic beloW.. At P=0 and in the vicinity of
gzlo-. ) Tc the MR is about 11% only. An applied pressure causes a
l small increase of MR and nedg at P=10.1 kbar the MR
g8 c
& 195 (©) approaches about 20%.
1 T _=185.7+1.74 P
180 : =024 o :
T T T . T T T
0 2 4 6 10 IV. DISCUSSION
Pressure (kbar)

The magnetization of PSMO crystals measuredTat
FIG. 5. (Color onling The resistivity of the Ry7¢SIy.24MNnO; (a) =5 K along the easy axis in the00) plane and in a mag-
and of Pp 7S5 ,gMinO3 (b) crystals as a function of temperature at netic field ofH=16 kOe approaches values higher than that
various pressuresc) The pressure dependence of MI transition expected for the magnetic moment of Mn spins of¥tland
temperature fox=0.24 and fox=0.26 crystals. Mn**. For the present ratios of Mhand Mrf* one expects
to get 3.78ug/f.u., 3.76 ug/f.u., 3.74ug/f.u., for PSMO
Fig. 4b). The change in the activation enerfy points out  crystals with x=0.22,0.24,0.26, respectively. Moreover,
possible changes in the conduction mechanism, i.e., thghe distinctive anomalies iM(T) indicate upon a spin order-
marked drop in the activation energy, see@fFig. 4b)]  ing of Pr ions. It should be noted that in some Pr-based
are characteristic feature of magnetic semiconductors, whetg@anganitegPr, 7,51 ,dMInO; (Ref. 20 and Pg (Cay MNnO;
E, depends strongly on the long-range magnetic order angRef. 23] the magnetic ordering of Prions manifests itself
the alignment of atomic magnetic moments reinforces thenly in slight change in the slope ®f(T) due to predomi-
probability of electron transfer between Mn sit€dt was  nant contribution of Mn spins. The superexchange interac-
found that an applied pressure reduces strongly the resistivityon between Pr ions and neighboring Mn ions depends on
below T, while such effect is very small at temperatufies  the charge, crystallographic structures, and the relative ori-
>Tc. The effect of pressure on the magnetoresistance dntation of the corresponding orbitafs.
Pr5.76510.2MNO;3 crystal is shown in Fig. @). At P=0 and in Though the pressure effect @ and FM interactions was
the vicinity of T¢ the MR is approaching almost 60%, under extensively studied in the past for various perovskite manga-
pressure oP=9.3 kbar the MR is about 80%, resembling the nites (Refs_ 1, 3, 5-9, 11, and 12, and references thgrein
results for low doped LCMO manganit€sThe temperature there is a diversity in the values of the pressure coefficients
shift of the bending point in(T) [Fig. 4a)] as well as tem-  of the Curie temperature reported for the vicinity of the
perature shifts of the minimums &,(T) [Fig. 4b)] and of  This is mostly connected with the fact that early studies of
MR(T) [Fig. 4(c)] are of aboutAT=5-5.5 K under a pres- manganites were plagued by a variable oxygen stoichiom-
sure of 9.3 kbar. This enables us to estimate the pressuegry, particularly for the compositions with smallef An-
coefficient at the temperature where the conductance mechather source of error may occur when a pressure coefficient
nism changes, i.edTy,/dP= 0.6 K/kbar, in spite of the fact dT./dP is evaluated from the resistivity measurements. Cui
that metal-insulato(MI) transition is hardly seen in the re- and Tyson have shown recently that for many manganites the
sistivity of P 7651 2dMnO;5 crystal[Fig. 4(a)]. magnetic and electronic transitions may be significantly de-
Figure 5a) shows the temperature dependence of the reeoupled, especially under high pressuie3he decoupling
sistivity p(T) for x=0.24 at electric currert=100 xA, upon  of T¢ andT), is ascribed to the competition between DE and
slow heating at various pressures. The ferromagnetic transSE interactions of neighboring MAMn spins. This sce-
tion temperature of the Mn spin sublattide (Fig. 2) is  nario is enforced in the vicinity of the percolation threshold,
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of Q2 orthorhombic distortion with the in-plane bonds dif-
ferentiating in a long and a short one. The structural param-
eters observed for R#Sr, sMnO;3 are: planar bond lengths
Mn—O2 are 1.9622 and 1.9653 A, apical bond length

£
O
% 1.6 — Mn—O1 is 1.9597 A, planar MA-O2—Mn angle is
= 160.9°, and apical MA-O1—Mn angle is 160.7°. Both
5 124 =P SOMoO, T, compounds have rather small orthorhombic distortions with
& :;tﬁzﬁm’o"ﬁ%“ T Ret29 similar values of MR—O—Mn bond angles and Mna-O
o e t P SEMRO, = - =0.06) o T, ¢ Ref. bond lengths and this fact allows us to discuss the pressure
S | —o—La, CaMnO,-T_ - Refs. 11,12,28 : . .
0.4 5 effect onTc in both systems from a common point of view.
o— : The pressure effect ofic is larger than that predicted by
0.0 : : : band theory. This occurs because of the reduction of

electron—phonoriel-ph coupling under applied pressuig,
which leads to the enhancement of the electron mobility.

. o Recently, Postorinet al®? calculated the pressure depen-
FIG. 6. (Color onling The pressure coefficients of ferromag- qence ofTc based on a model of two-site Mn cluster. Their
netic Tc and metal-insulatorTy, transition temperatures of qdelincludes several competing couplings like: DE, Hund,
P, SKEMNO; single crystals as a function of doping; denotes  AE_SE coupling, and el-ph interactions. The authors have
doping a.t.which a crossover from a localized type conductd&Rce ghown that the pressure dependence of Hund’s coupling can
<Xg) to itinerant one(x>Xc) oceurs. be safely assumed to be identical for0.25 andx=0.33.

i i ial 33 -
where the above competition manifests itself also in a com¥sing the results obtained by Sacchettial™ one may ex

petition between hopping conductivity in the paramagnetic,press the hopping integral under pressure by an empirical

phase and metallic-percolative conductivity, resulting in aexpressiorl(P):t(O)[1+0.00P (kban]. Taking into account

resistivity maximum  atT,,.12 An applied pressure may the proportionality betweehand T at P=0 (Ref. 1) (valid

change the percolative state, affecting the different condud©r X> *c) one may conclude that the increase in the hopping
tion channels and in turn results in a variationTefandTy;. integral alone cannot account quantitatively for the values of

he pressure dependence of el-ph coupling for LCMO with
x=0.25 was calculatéd by using the pressure dependence

i 7. _.of Jahn—Teller phonon frequency. The results show that
are also shown in Fig. 6. The above-noted results |nd|catg1 remarkable pressure induced reduction of el—ph coupling

fchat the_ pressure CoefﬁCieqﬁ-C/dP exhibits a _sha_rp Change (~7% at 10 kbaris observed even at modest pressures. This
in the vicinity of xc and varies only slightly with increasing penayior is found to be consistent with the enhancement
doping up to x~03. In recent investigations Of qf the metallic character of resistivity and an increase of
Lo 76Ca ,MNO; by infrared absorptiolt the value of T ynder pressure for both LCMO and PSMO systems at
dTy/dP was found to be 2.3 K/kbar, in compliance with < x< ~0.3 (see Refs. 29-33 and Figs. 1, 2, 4, and 5

our observation. The enhanced changelTa/dP atxc was One of the open issues of hole-doped manganites is the
attributed to the different nature of magnetic interactions benature of magnetic transition &i.. In the case of, e.g.,
low and abovexc.'*!?In the case ok>xc, DE dominates LCMO system(see Refs. 14—17 and Bit was shown that

the magnetic and transport properties, whereas<atc DE  the nature of the para-to-ferromagnetic transitiBRT) at T

is partly replaced by another type of FM interaction, e.g.,depends on the level of Ca-doping. Such a transition was
superexchange. Double exchange is more sensitive to prefsund to be of a first order fox~ 0.3 -6 while for x=0.2

sure than SE, and therefore the pressure coeffickfsdP  andx>0.4'%34it is of a second order and for=0.27 PFT
anddT,, /dP enhance abovg.. It is generally believedat  exhibits a combination of characteristics associated with both
least in modest pressure regifec 20 kba) that an external first-order and second-order transitions simultaneotidRi-
pressure acts similarly to chemical doping with largervadullaet al3* have shown recently that the PFT of LCMO
atoms!3° Both tend to increase the MARO—Mn bond is of a first order only in compositional range 0.27%
angle and to compress MRO—Mn bond length, thereby <0.43, whereas close to the localized-to-itinerant electronic
leading to largery bandwidth, and consequently to higher transition, atx= 0.2 andx~ 0.5 the system does not undergo
values of T and of Ty,. In order to compare Ma-O bond  a true magnetic transition due to an occurrence of a random
lengths and the Ma-O—Mn bond angles in both systems field which breaks up the electronic/magnetic homogeneity
under consideratioflPSMO and LCMQ we have recalcu- of the system. Our analysis of the nature of PFT in PSMO
lated existing room temperature neutron data forwill be based on the classical model of Bean and Rodbell
Lag 7:Cay ,gMIN0; (Ref. 31 and Pg .S MnO; (Ref. 19  (BR),® for which a linear approximation of the Curie tem-
with a Pnmaorthorhombic cell. The following values were perature dependence on the lattice deformation is assumed,
obtained for Lg7:Ca ,gMn0Ox: plja&nar bond lengths i.e.,
Mn—O2 are 1.9646 and 1.9732 A, apical bond length _ _
Mn—O1 is 1.9709 A, planar Ma-O2—Mn angle is Te=Ted 1 + BV =VolVol, @
160.8°, and apical MR-O1—Mn angle is 159.07°. The whereTy denotes the Curie temperature of an uncompress-
small difference in planar bond lengths signals on a presendble lattice of volumeV, i.e., at zero pressur®, is the vol-

(Figs. 1, 2, 4, and b For comparison, the pressure coeffi-
cients for LCMO crystafs-1228and Pg ;Sr, MnO; (Ref. 29
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over, they have shown that the coupling parameteand
0 dTc/dP can be related by
+ 2
089 Bean-Rodbell n= M%(LTC) (3)
522 6(S-1)(35+ 1) kT \ dP
064 7" oS where
3 Y S
Pro.nsrn.zzMnoa “ 1 a( d M n—O)
0490 por-168K 0.4+ k=-
° P=llikbar T=179.8K } (dyn—o) 9P
0.2 PronSfoqMnO, ! 024 PloreSToalM0, is the compressibility of Ma—O bond. Radaellet al3! have
. ’:‘I’ITIC;MT ‘me o P=0 TA77K found that variation of Ma—O length with external pressure
6 . 0042 FIOTIba ISR | in optimally doped manganites is approximately the same for
0.0 0.5 10 0.0 05 10 several manganite§R;_,A,)MnO;, where R=La,Pr; A
TIT, TIT, =Ca, Sr,Ba; k=2.32x 10 kbar®. Using this value and the

values ofdTc/dP given in Table I, we have obtained the
FIG. 7. (Color onling The temperature dependence of the re-following values forn: 0.34, 0.80, and 1.21 for=0.22, 0.24
duced magnetizatiom at P=0 and under applied pressufe) for  and 0.26, respectively. These results are found to be in fair
PrSKMnO; (x=0.22,0.26 single crystals(b) for Pr,,SLMNO;  agreement with the experimentally observed PFT and re-
(x=0.24 single crystal. The experimental results are compared withgemple closely those found for LCMO systené34at the
prediction of the model of Bean—Rodbell. percolative crossover.

Existing experimental data demonstrate that the phase
ume in the absence of exchange interactions and magnetéeparated state of manganites shares some similarities with
ordering, andg is the slope ofT¢ vs V dependence. Using classical spin-glass systerd. We have found recently that
the molecular field approximation Bean and RodBeilave  in low doped LCMO the spin-glass-like behavior manifests

found that itself by a number of specific magnetic featuté&>?*e.qg.,
the characteristic splitting betwedm-- and Mygc below T
T/Te = (mtanit m)(1 +nn?/3 - PKB), ) and a frequency dependence of magnetic susceptibility.

Among the PSMO crystals the most pronounced effect was
. _ > , observed for th&=0.22 sample. The onset of the decrease of
where coupling parameten=(3/2)NkgKTcoB" N is the / qyes as expected for spin glass, toward higher tempera-
number of interacting atoms per unit volunm,is reduced  y,res with increasing frequencies. This frequency shift attrib-

magnetization, an is isothermal comp_ressibil?t_y giyen by Lted to relaxation phenomena in the spin glass system is
K=-V1(oV/dP). For n<1, the magnetic transition is of a characterized by a factor of the forth:

second order, whereas for>1 it is of a first-order transi-

tion._ ] = ATeysp ' @)
Figure 7 shows the temperature dependence of the re TeusiA (10 )

duced magnetizatiom of PSMO crystals determined from
magnetization measurements under ambient and appliedhereAT,s,refers to temperature shift of the maximum of
pressure as well as calculated curves within BR model fody’/dT at a given frequency difference. These valuesyof
spinS=2 and for pressure value set to zero. It is clearly see@bserved fox=0.22 and 0.24 samples lie in the region 0.04—
[Fig. 7(a)] that character of reduced magnetization for 0.06, typical for spin glass&sand are very similar to that
=0.22 sample is quite different from that ¥£0.26 sample, observed previously in low doped LCMO with=0.22
and their characteristic features do not depend on the applied For the examination of the frequency shift of the glass
pressure. One may consider the PFTxef0.22 sample as a freezing temperature we may apply the Arrhenius law of the
second ordefn~ 0.5), whereas fox=0.26 the PFT is almost  following form:
discontinuougn~ 1). Figure 1b) shows that the character of _
PFT forx=0.24 changes under pressure from nearly a con- f=foexp(= EalkeTy). (5)
tinuous one(n~0.5) to almost discontinuous transitidm  Here, f is the driving frequency of our ac susceptibility mea-
~1). Akink in Mgc near PFT[Figs. 4@ and Zd)] for x  surements]; is the freezing temperatur&,, is the activa-
=0.24, 0.26 and the corresponding difference betwden  tion energy, and, is the frequency of attempts for a cluster
andMzec may be an indicative sign of first order of PFT and to change its spin direction. By plotting fnvs. 1/T; one
possibly of a spontaneous magnetostrictibim some resem-  determinesE,.=0.37+0.03 eV andE,.=0.40+0.03 eV, for
blance with the results reported receffly for  x=0.22 and x=0.24, respectively. The obtained values
(Lag C& 3)14Mn;,, O3 manganites. coincide pretty well with values obtained for low doped
Novak et al'# applied the BR model for the analysis of LCMO (x=0.18 andx=0.2) crystals'12
the nature of PFT in manganites governed by DE interac- In general the critical slowing down of spin glasses is
tions. They received results similar to those obtained withircharacterized by a relaxation time which diverges at the
original BR model with respect to the nature of PFT. More-critical freezing point’
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Ti-Tg\ ™ abrupt first-order-like transition. For $¥Sr,,4MnO5 an ap-
Tmax™= 70 R (6) plied pressure results in more abrupt phase transition. It was
G found that the pressure coefficient of the Curie temperature
Here 7 is the shortest relaxation time available in the sys-for LCMO and PSMO systems is enhanced near the
tem, zv is the dynamical exponeriis is the glass transition localized-to-itinerant electronic transitigr.=0.22 and 0.24
temperature, and is the freezing temperature. By identify- for LCMO and PSMO, respectivelyand then it only slightly
ing 7max With the inverse of the measuring frequency andchanges with increasing doping up xe-0.3. It was found
temperature of anomaly of the frequency dependent suscefhat the resistivityp(T) of x=0.22 crystal obeys Arrhenius
tibility curves with the freezing temperatuifig, we have ob- |Jaw at 200 K<T<300 K with an activation energyg,
tained by the nonlinear fit with Eq6): 70=10°s,zv=12,  ~130 meV, whereas below thR: at 80 K<T< 150 K, E,
for the transition temperature$;=80.2 K (x=0.22 andlg ~ 20 meV. For temperatures in between, Arrhenius law does
=68.0 K (x=0.24. The values of the dynamical exponent not hold presumably because of magnetic and electronic in-
are similar to those calculated previously for low dopedhomogeneities.
LCMO crystals. Unexpectedlyy, appears to be three orders  Frequency-dependent glassy behavior was foundxfor
of magnitude higher than that observed previously in LCMO=0.22 and for 0.24 samples. The presence of the glassy tran-
(7o~ 1071? 5).2438 One must take into account that magnetic sition has been also evidenced in the difference between ZFC
interactions in a nanopatrticle cluster glass may vyield similamnd FC behavior and the frequency dependence of the freez-

characteristic values of,~ 107° s38 ing temperature, which can be reasonably well described by
the conventional critical slowing-down law. The cluster glass
V. CONCLUSIONS temperaturél ; decreases with increasing doping, analogous

: - , to that in LCMO casé:?438
In summary, experiments involving measurements of

ma_lgnetlzathn and reS|st|v_|ty under pressure, fand ac suscep- ACKNOWLEDGMENTS
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