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Effects of hydrostatic pressure up to 11 kbar on the magnetic and transport properties of Pr1−xSrxMnO3

sPSMOd were investigated in single crystals with various doping level:x=0.22,0.24,0.26, 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 temperatureT=TMI. It was found that the magnetic ordering tempera-
ture TC of the Mn spin sublattice andTMI increase linearly upon applying the pressure. The pressure coeffi-
cientsdTC/dP anddTMI /dP of PSMO enhance around percolation threshold atx=xC=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
La1−xCaxMnO3. At ambient pressure the transition forx=0.22 is of a second order while forx=0.26 it is of a
first order, a nature of a transition forx=0.24 is not well defined yet. The effect of pressure of,11 kbar on the
kind of the magnetic phase transition is clearly seen in the case ofx=0.24 sample. Applied pressure changes
the character of the phase transition from nearly a continuous one atP=0 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 temperaturesTCsPrd
s80–100 Kd, much lower thanTC s165–205 Kd. All of the results obtained are discussed with regards to
existing models of magnetic and transport properties of low doped manganites.

DOI: 10.1103/PhysRevB.71.224409 PACS numberssd: 75.47.Lx, 71.30.1h

I. INTRODUCTION

Manganites of the formsR1−xAxdMnO3 sR is a rare-earth
ion and A is a divalent ion such as Ca, Sr, Ba, etc.d exhibit a
plethora of magnetic and electronic phases, depending on the
level of the dopingx and the average A-site cation radius,
krAl.1–3 The above-mentioned properties are related also to
the tolerance factor tol=sR1−xAxuOd / Î2sMnuOd, where
R1−xAxuO, MnuO are the average cation–oxygen inter-
atomic distances, values of which are usually calculated from
the ionic sizes.1,4 It is widely accepted that colossal magne-
toresistancesCMRd arises mainly due to the double ex-
change sDEd interaction mediated by hopping of spin-
polarized eg electrons, between Mn3+ and Mn4+, thereby
facilitating both the electrical conductance and the ferromag-
netic sFMd coupling, in the ferromagnetic metallic phase. On
the other hand, certain electron orbital configurations ener-
getically favor superexchangesSEd interactions between lo-
calized electrons and may yield a formation of ferromagnetic
insulating or antiferromagneticsAFd phases.

Details of the magnetic phase diagrams carrier
concentration-transition temperature of CMR manganites are
usually obtained by magnetic, structural, and transport mea-
surements performed under applied magnetic field. The hy-
drostatic pressuresPd is yet another parameter, which can be
used to change the equilibrium phase state of manganites. It

is generally acceptable that the Curie temperatureTC de-
pends on the bandwidthW, described by the following ex-
pression suggested for perovskites:5 W=cosv / sdMnuOd3.5,
wherev is the tilt angle in the plane of the bond anddMnuO
is the MnuO bond length. Though it is believed that the
bandwidth scenario may explain qualitatively theTCsPd
variation, one cannot exclude the important role of the Jahn–
Teller distortion and its dependence on lattice deformation.
For various optimally doped manganitessx=0.3d a definite
trend in the dependence ofdTC/dP on TC was established.6

Namely, the higherdTC/dP value corresponds to the lower
TC. It is generally accepted that such a trend is valid also for
low-doped manganites.7,8

As already stated the magnetic and electric properties of
manganites are very sensitive to external pressure, especially
in the vicinity of percolation thresholdxC, i.e., of the critical
doping level at which a crossover from a localized-type con-
ductance atx,xC to itinerant one atx.xC occurs.9,10 The
calculations of the pressure dependence of Curie temperature
have shown thatdTC/dP descends with the increase of dop-
ing for x.xC. This result was confirmed experimentally in
La1−xCaxMnO3 sLCMOd and in La1−xSrxMnO3, where
dTC/dP increases with doping atx,xC, reaches a maxi-
mum nearxC and then decreases monotonically.10 Recent
studies of dTC/dP for La1−xCaxMnO3 sx=0.18,0.2,0.22d
crystals11,12 showed that the sensitivity ofTC to external
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pressure is very low atx,xC sdTC/dP<0.3 K/kbard, while
dTC/dP is much higher forx.xC. Moreover, in the vicinity
of xC a change in the nature of para-to-ferromagnetic transi-
tion was observed. Namely, in LCMO system the phase tran-
sition atTC changes from a continuous second order one for
low doping to a first order magnetic transition for
x.xC.3,13–16

The Pr1−xSrxMnO3 sPSMOd mimics in many ways the be-
havior of the classic LCMO system. The two systems have
the same sequence of magnetic phases upon doping, compa-
rable percolation thresholdsxC=0.22 for LCMO9 and xC
=0.24 for PSMO17d and practically equalTC at optimal dop-
ing sTC,250 K for x=0.3d. It is worth noting that for both
systems the percolation threshold lies in the range of the
critical tolerance factor tolc<0.96,3 where the transition
from orthorhombicsc/a, Î2d to pseudocubic phasesc/a
< Î2d occurs.

In this work we report on the measurements of magneti-
zation, ac susceptibility, and transport properties of hole
doped Pr1−xSrxMnO3 crystals, having the level of the doping
near the percolation threshold. The nature of the magnetic
phase transition, the pressure effect on the Curie temperature,
as well as spin-glass behavior are discussed in conjunction
with recent data received on LCMO system.

II. EXPERIMENT

Single crystals of Pr1−xSrxMnO3 sx=0.22,0.24,0.26d
were grown by a floating zone technique, using radiative
heating.18 The phase compositions of the samples at room
temperature were examined by x-ray diffraction. The unit
cell of these crystals is orthorhombic having aPnmaspace
group, see Table I. Though ionic radius of Sr is greater than
that of Pr ffor twelve-fold oxygen coordination1,4

Pr3+s1.29 Åd and Sr2+s1.44 Ådg, increasing doping results in
the decrease of unit cell volume. This observation may be
attributed to a progressive decrease of Jahn–Teller distortions
with increasing doping and a transition to rhombohedral

symmetry withR3̄c space group at high enough level of the
doping sx.0.3d.19 The calculated average A-site ionic radii
as well as the tolerance factors for PSMO crystals are listed
in Table I. The variation of lattice parameters with doping as
well as magnetization and resistvity data for Pr1−xSrxMnO3
sx=0.22,0.24,0.26d crystals agree well with results previ-
ously published for polycrystalline samples of similar

composition.17,19,20The values of the magnetic ordering tem-
perature for Mn spinsssee Figs. 1 and 2 and Table Id are
completely consistent with the phase diagram of
Pr1−xSrxMnO3 series, which was constructed after exhaustive
investigation of homogeneous and oxygen stoichiometric
samples.17 Cylinder-shape samples having a diameter of
1 mm and height of 4 mm withk100l axis of rotation were
used for measurements of magnetization under hydrostatic
pressure. The measurements were performed in the tempera-
ture range 4.2–250 K and magnetic fields up to 16 kOe, ap-
plied perpendicular to the rotation axis of the samples, using
PAR smodel 4500d vibrating sample magnetometer. Details
of the magnetic measurements under pressure are presented

TABLE I. Structural parameters, tolerance factorstold, average A-site atomic radius, Curie temperaturesTCd, pressure coefficients ofTC

sdTC/dPd and of metal–insulator transition temperaturesdTMI /dPd, and paramagnetic Curie temperaturesQd for PSMO crystals.

Composition asÅd bsÅd csÅd VsÅd3

Tolerance
factor
stold

Average
A-site
atomic
radius

sÅd TC sKd
dTC/dP
sK/kbard

dTMI /dP
sK/kbard Q sKd

Pr0.78Sr0.22MnO3 5.4951 7.7388 5.4847 233.24 0.9533 1.323 168±1 1.07±0.1 0.6±0.1 177±3

Pr0.76Sr0.24MnO3 5.4836 7.7388 5.4886 232.92 0.9555 1.326 177±1 1.6±0.1 1.74±0.1 191±3

Pr0.74Sr0.26MnO3 5.4775 7.7355 5.4845 232.38 0.9576 1.329 203±1 2.2±0.15 1.95±0.1 207±3

FIG. 1. sColor onlined sad Field cooledsMFCd and zero field
cooled magnetizationsMZFCd of Pr0.78Sr0.22MnO3 crystal, measured
in an applied magnetic fieldH=10 Oe for various pressures.sbd
Pressure dependence of the magnetic ordering temperaturesTC and
TCsPrd of Mn and Pr ions, respectively.scd Magnetic field depen-
dencies of magnetization at various temperatures;M0 is a sponta-
neous magnetization.
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elsewhere.11,12 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-
terval 20øTø300 K. The ac magnetic field applied perpen-
dicular tok100l direction was equal to 1.25 Oe. Samples for
resistivity measurements were prepared in the form of par-
allepiped with dimensions of 53231.6 mm3 and the long-
est dimension along the axis of as grown cylindrical crystal.
Evaporated gold strips with a separation of about 0.5 mm
between the voltagesVd contacts were used for the custom-
ary four-point resistance measurements. Measurements of
magnetoresistancesMRd were carried out in a longitudinal
geometry for which magnetic fieldH up to 15 kOe was
aligned parallel to the current direction.

III. RESULTS

A. Magnetization

Figure 1sad presents field cooledsFCd and zero field
cooledsZFCd magnetization curves,sMFC andMZFC, respec-
tivelyd of Pr0.78Sr0.22MnO3 crystal, for H aligned along the
easy axis in thes100d plane. The abrupt change in the mag-
netization at aboutT<165 K is attributed to the magnetic
ordering of the Mn sublattice. A change in the slope ofMFC
andMZFC observed atT,80 K occurs supposedly due to the
ordering of Pr moments. Such ordering of Pr moments was
found to be a characteristic feature of low doped
Pr1−xCaxMnO3 sRef. 21 and 22d and PSMO20,23systems. The
Curie temperature of the Mn spin sublattice,TC, at various
pressures was determined by the inflection point of the mag-
netization curves. Observed difference between FC and ZFC
curves is typical for canted spin antiferromagnets and spin
glasses. In this work we have studied also the pressure de-
pendence of the magnetic ordering temperature of Pr spin
sublattice, TCsPrd assigned by the maximal value of
dMZFC/dT. The pressure dependencies of both ordering tem-
peratures,TC andTCsPrd for Pr0.78Sr0.22MnO3, are shown in
Fig. 1sbd. Observed pressure coefficients for both tempera-
tures are remarkably different:dTC/dP<1.07 K/kbar while
dTCsPrd /dP<−1.7 K/kbar; see Fig. 1sbd. It should be noted
that at higher pressures the change in the slopes of the mag-
netization curves atTCsPrd is less pronounced and this ham-
pers the determination ofTCsPrd anddTCsPrd /dP.

Magnetization curvesMsHd at various temperatures and
under various pressures were measured also along the easy
axis in thes100d plane. TheMsHd data have been used for
determination of reduced magnetization, the temperature de-
pendence of which is presented in the discussion. For ambi-
ent pressureMsHd curves are presented in Fig. 1scd. A rela-
tively high magnetic field of about 10 kOe is required to
saturate the magnetization atT=5 K. At this temperature and
for H=16 kOe, the magnetization reaches a value of
3.88mB/ f.u. at ambient pressure and 3.94mB/ f.u. at P
=11 kbar.

Figure 2sad shows FC and ZFC magnetization curves of
Pr0.76Sr0.24MnO3 crystal also forH aligned along the easy
direction in thes100d plane. The following features are no-
ticeable:sid a kink in theMFCsTd curve appears nearTC at

P,4 kbar—this kink increases with increasing pressure
fFig. 2sbdg; sii d the temperatureTC increases with increasing
pressure from 177 K atP=0 up to 195 K forP=10.7 kbar,
thus exhibiting a pressure coefficientdTC/dP<1.6 K/kbar
fFig. 2scdg; siii d the change in the slope ofMFC and MZFC
curvessat T<80 K for P=0d is attributed to the ordering of
Pr momentsfsee the inset to Fig. 2sadg. Under applied pres-
sure this change in the slope of both magnetization curves at
TCsPrd is faintly discernible. AtT=5 K andH=16 kOe the
magnetization reaches a value of 3.91mB/ f.u. and this quan-
tity remains practically unchanged under an applied pressure.
Finally, Fig. 2sdd presents FC and ZFC magnetization curves,
of Pr0.74Sr0.26MnO3 crystal, forH aligned along the easy di-
rection in thes100d plane. The abrupt change in the magne-
tization at aboutT<200 K occurs due to the magnetic or-
dering of the Mn spinssTCd. The following features were
observed:sid the temperatureTC increases linearly with pres-
sure from 203 K atP=0 up to 227 K forP=11 kbar, hence
exhibiting a pressure coefficientdTC/dP<2.2 K/kbar fFig.
2scdg; sii d the kink in theMFCsTd curve aroundTC is visible at
all pressures and it is more pronounced than that of thex
=0.24 sample;siii d a very slight change in the slope at low
temperatures,60 K is visible only for theMFC curves. At

FIG. 2. sColor onlined sad Field cooled MFC and zero field
cooled magnetizationMZFC of Pr0.76Sr0.24MnO3 crystal, measured
in an applied magnetic fieldH=10 Oe for various pressures. The
change in the slope of ZFC curve at ambient pressure is enlarged in
the inset.sbd The evolution of the kink inMFCsTd for x=0.24 with
pressure.scd Pressure dependence ofTC for x=0.24 and forx
=0.26 crystals.sdd Field cooledMFC and zero field cooled magne-
tization MZFC of Pr0.74Sr0.26MnO3 crystal, measured in an applied
magnetic fieldH=10 Oe for various pressures.
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T=5 K andH=16 kOe the magnetization reaches a value of
3.87mB/ f.u. at P=0 and again this quantity remains almost
unchanged under an applied pressure.

B. ac magnetic susceptibility

The results obtained for the ac susceptibility versus tem-
perature, at different frequencies are presented in Fig. 3. We
show the real part,x8 only, because experimental problem in
the determination ofx9 arises due to the small phase shift
with increasing temperature. Since the imaginary partx9 is
much smaller thanx8, real partx8 coincides practically with
total susceptibilityx. A sharp peak inx8 was observed for
PSMO crystals at ferromagnetic transition temperature of the
Mn spin sublattice, plausibly associated with the critical soft-
ening of the ferromagnetic system nearTC, see Figs.
3sad–3scd. In addition to that a sharp drop inx8 was observed
around 100 K forx=0.22 sample, see Fig. 3sad. The above-
mentioned effects were found to exhibit distinct frequency
dependence. With increasing doping the anomalies of ac sus-
ceptibility become less pronouncedfx=0.24 case, see Fig.
3sbdg and practically disappear forx=0.26 fsee Fig. 3scdg.
This behavior resembles that one previously observed in low

doped sx=0.18,0.2,0.22d LCMO crystals.11,12 The inverse
susceptibility x−1 vs temperaturefFig. 3sddg obeys Curie–
Weiss law x−1=sT−Qd /C. The values ofQ obtained are
listed in Table I. As expected,Q increases with increasing
doping.

C. Resistance and magnetoresistance

Similar to LCMO crystals,24 all PSMO single crystals
were twinned with small mosaicity, and therefore anisotropy
effects visible in magnetization measurements were almost
fully hidden in transport measurements. Figure 4sad presents
the temperature dependence of the resistivityrsTd for x
=0.22 sample atP=0 andP=9.3 kbar determined at electric
current of I =100mA upon slow heating. AtT,TC, the re-
sistivity of this sample becomes strongly current
dependent.25 Similar to the behavior of low doped LCMO
crystals with x=0.18 and 0.2,24 an application of high
enough current at low temperatures produces transitions to a
metastable state with lower resistivity.25 Let us underline that
the resistivity measured in the heating and cooling runs,
practically coincides, hence only data gathered during heat-
ing are shown in Fig. 4sad. At temperatures well aboveTC,
the resistivity can be well fitted by Arrhenius law of the form
rsTd=r0 expsEa/kBTd. The activation energyEa of the
Pr0.78Sr0.22MnO3 sample at temperatures 210–300 K is about
125–130 meV and is much lower at lower temperatures, see

FIG. 3. sColor onlined sad Temperature dependence of the ac
susceptibility x8 measured at different frequencies forsad
Pr0.78Sr0.22MnO3 single crystal;sbd Pr0.76Sr0.24MnO3 single crystal.
Dashed arrow shows the position of bending point ofx8; scd
Pr0.74Sr0.26MnO3 single crystal;sdd Temperature dependence of the
inverse magnetic susceptibility of Pr1−xSrxMnO3 single crystals.
The susceptibility obeys Curie–Weiss law in the high-temperature
region.

FIG. 4. sColor onlined sad The resistivity of the Pr0.78Sr0.22MnO3

crystal as a function of temperature at ambient pressure and atP
=9.3 kbar. sbd Temperature dependence of the activation energy
determined numerically by calculatingd lnsrd /dskBTd−1 from resis-
tivity data forP=0 andP=9.3 kbar.scd Temperature dependence of
magnetoresistance forP=0 andP=9.3 kbar.
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Fig. 4sbd. The change in the activation energyEa points out
possible changes in the conduction mechanism, i.e., the
marked drop in the activation energy, seen atTC fFig. 4sbdg
are characteristic feature of magnetic semiconductors, where
Ea depends strongly on the long-range magnetic order and
the alignment of atomic magnetic moments reinforces the
probability of electron transfer between Mn sites.26 It was
found that an applied pressure reduces strongly the resistivity
below TC, while such effect is very small at temperaturesT
.TC. The effect of pressure on the magnetoresistance of
Pr0.78Sr0.22MnO3 crystal is shown in Fig. 4scd. At P=0 and in
the vicinity of TC the MR is approaching almost 60%, under
pressure ofP=9.3 kbar the MR is about 80%, resembling the
results for low doped LCMO manganites.12 The temperature
shift of the bending point inrsTd fFig. 4sadg as well as tem-
perature shifts of the minimums ofEasTd fFig. 4sbdg and of
MRsTd fFig. 4scdg are of aboutDT=5–5.5 K under a pres-
sure of 9.3 kbar. This enables us to estimate the pressure
coefficient at the temperature where the conductance mecha-
nism changes, i.e.,dTMI /dP<0.6 K/kbar, in spite of the fact
that metal–insulatorsMI d transition is hardly seen in the re-
sistivity of Pr0.78Sr0.22MnO3 crystal fFig. 4sadg.

Figure 5sad shows the temperature dependence of the re-
sistivity rsTd for x=0.24 at electric currentI =100mA, upon
slow heating at various pressures. The ferromagnetic transi-
tion temperature of the Mn spin sublatticeTC sFig. 2d is

somewhat lower than the MI transition temperature, deter-
mined by the resistivity peak; see Fig. 5sad. The shift of the
MI transition under pressurefsee Fig. 5scdg is similar to that
of TC fFig. 2scdg. At temperatures belowTC, the resistivity
exhibits quasimetallic behaviorsdr /dT.0d. Moreover, it
demonstrates nonlinear conduction belowTC, albeit in less
pronounced manner than that for thex=0.22 crystal.25 The
resistivity can be fitted by a simple Arrhenius expression
only at high temperatures, above 220 K withEa<150 meV.
It can also be reliably concluded thatEa decreases slightly
under pressure. AtP=0 and in the vicinity ofTC the MR is
approaching almost,75% and atP=9.3 kbar the MR in-
creases up to,95%. Temperature dependence of the resis-
tivity rsTd of Pr0.74Sr0.26MnO3 crystal at various pressures is
shown in Fig. 5sbd. Here again,TC fFigs. 2scd and 2sddg is
somewhat lower than the MI transition temperature. The
shift of the MI transition temperature under pressurefsee
Fig. 5scdg is compatible with the corresponding shift ofTC
fsee Fig. 2scdg. In distinct contrast with the behavior of
Pr0.78Sr0.22MnO3 crystal, the resistivity ofx=0.24 and 0.26
samples is metallic belowTC. At P=0 and in the vicinity of
TC the MR is about 11% only. An applied pressure causes a
small increase of MR and nearTC at P=10.1 kbar the MR
approaches about 20%.

IV. DISCUSSION

The magnetization of PSMO crystals measured atT
=5 K along the easy axis in thes100d plane and in a mag-
netic field ofH=16 kOe approaches values higher than that
expected for the magnetic moment of Mn spins of Mn3+ and
Mn4+. For the present ratios of Mn3+ and Mn4+ one expects
to get 3.78mB/ f.u., 3.76mB/ f.u., 3.74mB/ f.u., for PSMO
crystals with x=0.22,0.24,0.26, respectively. Moreover,
the distinctive anomalies inMsTd indicate upon a spin order-
ing of Pr ions. It should be noted that in some Pr-based
manganitesfPr0.74Sr0.26MnO3 sRef. 20d and Pr0.8Ca0.2MnO3
sRef. 23dg the magnetic ordering of Pr3+ ions manifests itself
only in slight change in the slope ofMsTd due to predomi-
nant contribution of Mn spins. The superexchange interac-
tion between Pr ions and neighboring Mn ions depends on
the charge, crystallographic structures, and the relative ori-
entation of the corresponding orbitals.21

Though the pressure effect onTC and FM interactions was
extensively studied in the past for various perovskite manga-
nites sRefs. 1, 3, 5–9, 11, and 12, and references thereind,
there is a diversity in the values of the pressure coefficients
of the Curie temperature reported for the vicinity of thexC.
This is mostly connected with the fact that early studies of
manganites were plagued by a variable oxygen stoichiom-
etry, particularly for the compositions with smallerx.3 An-
other source of error may occur when a pressure coefficient
dTC/dP is evaluated from the resistivity measurements. Cui
and Tyson have shown recently that for many manganites the
magnetic and electronic transitions may be significantly de-
coupled, especially under high pressures.27 The decoupling
of TC andTMI is ascribed to the competition between DE and
SE interactions of neighboring MnuMn spins. This sce-
nario is enforced in the vicinity of the percolation threshold,

FIG. 5. sColor onlined The resistivity of the Pr0.76Sr0.24MnO3 sad
and of Pr0.74Sr0.26MnO3 sbd crystals as a function of temperature at
various pressures.scd The pressure dependence of MI transition
temperature forx=0.24 and forx=0.26 crystals.
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where the above competition manifests itself also in a com-
petition between hopping conductivity in the paramagnetic
phase and metallic-percolative conductivity, resulting in a
resistivity maximum atTMI.

1,2 An applied pressure may
change the percolative state, affecting the different conduc-
tion channels and in turn results in a variation ofTC andTMI.
Figure 6 presents the pressure coefficient of the Curie tem-
perature and MI transition temperature of PSMO crystals
sFigs. 1, 2, 4, and 5d. For comparison, the pressure coeffi-
cients for LCMO crystals11,12,28and Pr0.7Sr0.3MnO3 sRef. 29d
are also shown in Fig. 6. The above-noted results indicate
that the pressure coefficientdTC/dP exhibits a sharp change
in the vicinity of xC and varies only slightly with increasing
doping up to x,0.3. In recent investigations of
La0.75Ca0.25MnO3 by infrared absorption30 the value of
dTMI /dP was found to be 2.3 K/kbar, in compliance with
our observation. The enhanced change indTC/dP at xC was
attributed to the different nature of magnetic interactions be-
low and abovexC.11,12 In the case ofx.xC, DE dominates
the magnetic and transport properties, whereas atx,xC DE
is partly replaced by another type of FM interaction, e.g.,
superexchange. Double exchange is more sensitive to pres-
sure than SE, and therefore the pressure coefficientsdTC/dP
anddTMI /dP enhance abovexC. It is generally believedsat
least in modest pressure regimeP,20 kbard that an external
pressure acts similarly to chemical doping with larger
atoms.1,30 Both tend to increase the MnuOuMn bond
angle and to compress MnuOuMn bond length, thereby
leading to largereg bandwidth, and consequently to higher
values ofTC and ofTMI. In order to compare MnuO bond
lengths and the MnuOuMn bond angles in both systems
under considerationsPSMO and LCMOd we have recalcu-
lated existing room temperature neutron data for
La0.75Ca0.25MnO3 sRef. 31d and Pr0.7Sr0.3MnO3 sRef. 19d
with a Pnmaorthorhombic cell. The following values were
obtained for La0.75Ca0.25MnO3: planar bond lengths
MnuO2 are 1.9646 and 1.9732 Å, apical bond length
MnuO1 is 1.9709 Å, planar MnuO2uMn angle is
160.8°, and apical MnuO1uMn angle is 159.07°. The
small difference in planar bond lengths signals on a presence

of Q2 orthorhombic distortion with the in-plane bonds dif-
ferentiating in a long and a short one. The structural param-
eters observed for Pr0.7Sr0.3MnO3 are: planar bond lengths
MnuO2 are 1.9622 and 1.9653 Å, apical bond length
MnuO1 is 1.9597 Å, planar MnuO2uMn angle is
160.9°, and apical MnuO1uMn angle is 160.7°. Both
compounds have rather small orthorhombic distortions with
similar values of MnuOuMn bond angles and MnuO
bond lengths and this fact allows us to discuss the pressure
effect onTC in both systems from a common point of view.
The pressure effect onTC is larger than that predicted by
band theory. This occurs because of the reduction of
electron–phononsel–phd coupling under applied pressure,30

which leads to the enhancement of the electron mobility.
Recently, Postorinoet al.32 calculated the pressure depen-

dence ofTC based on a model of two-site Mn cluster. Their
model includes several competing couplings like: DE, Hund,
AF–SE coupling, and el–ph interactions. The authors have
shown that the pressure dependence of Hund’s coupling can
be safely assumed to be identical forx=0.25 andx=0.33.
Using the results obtained by Sacchettiet al.33 one may ex-
press the hopping integral under pressure by an empirical
expressiontsPd= ts0df1+0.001P skbardg. Taking into account
the proportionality betweent andTC at P=0 sRef. 1d svalid
for x.xCd one may conclude that the increase in the hopping
integral alone cannot account quantitatively for the values of
dTC/dP obtained for LCMO and PSMO and the effect of
pressure on the el–ph coupling should be taken into account.
The pressure dependence of el–ph coupling for LCMO with
x=0.25 was calculated33 by using the pressure dependence
of Jahn–Teller phonon frequency. The results show that
a remarkable pressure induced reduction of el–ph coupling
s,7% at 10 kbard is observed even at modest pressures. This
behavior is found to be consistent with the enhancement
of the metallic character of resistivity and an increase of
TC under pressure for both LCMO and PSMO systems at
xC,x, ,0.3 ssee Refs. 29–33 and Figs. 1, 2, 4, and 5d.

One of the open issues of hole-doped manganites is the
nature of magnetic transition atTC. In the case of, e.g.,
LCMO systemssee Refs. 14–17 and 34d it was shown that
the nature of the para-to-ferromagnetic transitionsPFTd at TC
depends on the level of Ca-doping. Such a transition was
found to be of a first order forx,0.3,14–16 while for x=0.2
and x.0.416,34 it is of a second order and forx=0.27 PFT
exhibits a combination of characteristics associated with both
first-order and second-order transitions simultaneously.16 Ri-
vadullaet al.34 have shown recently that the PFT of LCMO
is of a first order only in compositional range 0.275,x
,0.43, whereas close to the localized-to-itinerant electronic
transition, atx<0.2 andx<0.5 the system does not undergo
a true magnetic transition due to an occurrence of a random
field which breaks up the electronic/magnetic homogeneity
of the system. Our analysis of the nature of PFT in PSMO
will be based on the classical model of Bean and Rodbell
sBRd,35 for which a linear approximation of the Curie tem-
perature dependence on the lattice deformation is assumed,
i.e.,

TC = TC0f1 + bsV − V0d/V0g, s1d

whereTC0 denotes the Curie temperature of an uncompress-
ible lattice of volumeV, i.e., at zero pressure,V0 is the vol-

FIG. 6. sColor onlined The pressure coefficients of ferromag-
netic TC and metal-insulatorTMI transition temperatures of
Pr1−xSrxMnO3 single crystals as a function of doping;xC denotes
doping at which a crossover from a localized type conductancesx
,xCd to itinerant onesx.xCd occurs.
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ume in the absence of exchange interactions and magnetic
ordering, andb is the slope ofTC vs V dependence. Using
the molecular field approximation Bean and Rodbell35 have
found that

T/TC = sm/tanh−1 mds1 + nm2/3 − PKbd, s2d

where coupling parametern=s3/2dNkBKTC0b2, N is the
number of interacting atoms per unit volume,m is reduced
magnetization, andK is isothermal compressibility given by
K=−V−1s]V/]Pd. For n,1, the magnetic transition is of a
second order, whereas forn.1 it is of a first-order transi-
tion.

Figure 7 shows the temperature dependence of the re-
duced magnetizationm of PSMO crystals determined from
magnetization measurements under ambient and applied
pressure as well as calculated curves within BR model for
spinS=2 and for pressure value set to zero. It is clearly seen
fFig. 7sadg that character of reduced magnetization forx
=0.22 sample is quite different from that ofx=0.26 sample,
and their characteristic features do not depend on the applied
pressure. One may consider the PFT ofx=0.22 sample as a
second ordersn,0.5d, whereas forx=0.26 the PFT is almost
discontinuoussn,1d. Figure 7sbd shows that the character of
PFT for x=0.24 changes under pressure from nearly a con-
tinuous onesn,0.5d to almost discontinuous transitionsn
,1d. A kink in MFC near PFTfFigs. 2sad and 2sddg for x
=0.24, 0.26 and the corresponding difference betweenMFC
andMZFC may be an indicative sign of first order of PFT and
possibly of a spontaneous magnetostriction,14 in some resem-
blance with the results reported recently36 for
sLa0.7Ca0.3d1−xMn1+xO3 manganites.

Novak et al.14 applied the BR model for the analysis of
the nature of PFT in manganites governed by DE interac-
tions. They received results similar to those obtained within
original BR model with respect to the nature of PFT. More-

over, they have shown that the coupling parametern and
dTC/dP can be related by14

n =
35SsS+ 1d

6sS− 1ds3S+ 1d
NkB

kTC
SdTC

dP
D2

, s3d

where

k = −
1

sdMnuOd
]sdMnuOd

]P

is the compressibility of MnuO bond. Radaelliet al.31 have
found that variation of MnuO length with external pressure
in optimally doped manganites is approximately the same for
several manganitessR1−xAxdMnO3, where R=La,Pr; A
=Ca,Sr,Ba;,k=2.32310−4 kbar−1. Using this value and the
values ofdTC/dP given in Table I, we have obtained the
following values forn: 0.34, 0.80, and 1.21 forx=0.22, 0.24
and 0.26, respectively. These results are found to be in fair
agreement with the experimentally observed PFT and re-
semble closely those found for LCMO system13–16,34at the
percolative crossover.

Existing experimental data demonstrate that the phase
separated state of manganites shares some similarities with
classical spin-glass systems.2,37 We have found recently that
in low doped LCMO the spin-glass-like behavior manifests
itself by a number of specific magnetic features,11,12,24e.g.,
the characteristic splitting betweenMFC andMZFC below TC
and a frequency dependence of magnetic susceptibility.
Among the PSMO crystals the most pronounced effect was
observed for thex=0.22 sample. The onset of the decrease of
x8 moves, as expected for spin glass, toward higher tempera-
tures with increasing frequencies. This frequency shift attrib-
uted to relaxation phenomena in the spin glass system is
characterized by a factor of the form:37

h =
DTcusp

TcuspDslog vd
, s4d

whereDTcusp refers to temperature shift of the maximum of
dx8 /dT at a given frequency difference. These values ofh
observed forx=0.22 and 0.24 samples lie in the region 0.04–
0.06, typical for spin glasses37 and are very similar to that
observed previously in low doped LCMO withx=0.2.24

For the examination of the frequency shift of the glass
freezing temperature we may apply the Arrhenius law of the
following form:

f = f0 exps− Eac/kBTfd. s5d

Here, f is the driving frequency of our ac susceptibility mea-
surements,Tf is the freezing temperature,Eac is the activa-
tion energy, andf0 is the frequency of attempts for a cluster
to change its spin direction. By plotting lnf vs. 1/Tf one
determines:Eac=0.37±0.03 eV andEac=0.40±0.03 eV, for
x=0.22 and x=0.24, respectively. The obtained values
coincide pretty well with values obtained for low doped
LCMO sx=0.18 andx=0.2d crystals.11,12

In general the critical slowing down of spin glasses is
characterized by a relaxation timet, which diverges at the
critical freezing point37

FIG. 7. sColor onlined The temperature dependence of the re-
duced magnetizationm at P=0 and under applied pressure:sad for
Pr1−xSrxMnO3 sx=0.22,0.26d single crystals;sbd for Pr1−xSrxMnO3

sx=0.24d single crystal. The experimental results are compared with
prediction of the model of Bean–Rodbell.
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tmax= t0STf − TG

TG
D−zn

. s6d

Here t0 is the shortest relaxation time available in the sys-
tem,zn is the dynamical exponent,TG is the glass transition
temperature, andTf is the freezing temperature. By identify-
ing tmax with the inverse of the measuring frequency and
temperature of anomaly of the frequency dependent suscep-
tibility curves with the freezing temperatureTf, we have ob-
tained by the nonlinear fit with Eq.s6d: t0=10−9 s, zn=12,
for the transition temperatures:TG=80.2 K sx=0.22d andTG

=68.0 K sx=0.24d. The values of the dynamical exponent
are similar to those calculated previously for low doped
LCMO crystals. Unexpectedly,t0 appears to be three orders
of magnitude higher than that observed previously in LCMO
st0,10−12 sd.24,38 One must take into account that magnetic
interactions in a nanoparticle cluster glass may yield similar
characteristic values oft0,10−9 s.38

V. CONCLUSIONS

In summary, experiments involving measurements of
magnetization and resistivity under pressure, and ac suscep-
tibility at various frequencies were employed in our studies
of magnetic states in low-doped Pr1−xSrxMnO3 sx
=0.22,0.24,0.26d single crystals. Our results show that simi-
lar to La1−xCaxMnO3, the nature of the ferro-to-paramagnetic
transition of the Mn spin system changes with increasing
doping from a continuous second-order transition to a more

abrupt first-order-like transition. For Pr0.76Sr0.24MnO3 an ap-
plied pressure results in more abrupt phase transition. It was
found that the pressure coefficient of the Curie temperature
for LCMO and PSMO systems is enhanced near the
localized-to-itinerant electronic transitionsxC=0.22 and 0.24
for LCMO and PSMO, respectivelyd and then it only slightly
changes with increasing doping up tox,0.3. It was found
that the resistivityrsTd of x=0.22 crystal obeys Arrhenius
law at 200 KøTø300 K with an activation energyEa
<130 meV, whereas below theTC at 80 K,T,150 K, Ea
<20 meV. For temperatures in between, Arrhenius law does
not hold presumably because of magnetic and electronic in-
homogeneities.

Frequency-dependent glassy behavior was found forx
=0.22 and for 0.24 samples. The presence of the glassy tran-
sition has been also evidenced in the difference between ZFC
and FC behavior and the frequency dependence of the freez-
ing temperature, which can be reasonably well described by
the conventional critical slowing-down law. The cluster glass
temperatureTG decreases with increasing doping, analogous
to that in LCMO case.3,24,38
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