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Magnetic, transport, and electron magnetic resonance properties of Pr0.8Ca0.2MnO3 single crystals
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Magnetic, transport, and electron magnetic resonance properties of Pr0.8Ca0.2MnO3 single crystals have been
investigated. Two ferromagnetic transitions observed atTC1'130 K andTC2'60 K, denote a long range
ordering of Mn and Pr spins, respectively, and exhibit an opposite pressure coefficient forTC , dTC1 /dP
'0.24 K/kbar anddTC2 /dP'20.75 K/kbar, respectively. The angular dependence of the magnetization in
the ~100! plane shows a strong twofold anisotropy, which increases under pressure. It was found that the
resistivity r(T) obeys the Arrhenius law at 140 K<T<300 K with an activation energyEa5130 meV,
whereas belowTC1 , Ea560 meV. The dynamic magnetoresistance vs magnetic field approaches a highest
value of about 25% nearTC1 for H514.5 kOe. The dynamic resistanceRd exhibits a pronounced dependence
on a bias currentI at T,TC1 . The results can be explained by the formation of orbital ordered states, which
give rise to anisotropy and localization in the ferromagnetic insulating matrix. Electron magnetic resonance
reveals coexistence of ferromagnetic metallic and insulating phases just belowTC1 . The signal of the metallic
phase sharply drops in intensity at decreasing temperature. This effect is attributed to the formation of spin/
cluster glass state. Possible mechanisms of current induced suppression of dynamic resistance in the ferromag-
netic state are also discussed.

DOI: 10.1103/PhysRevB.68.094428 PACS number~s!: 75.30.Kz, 71.30.1h, 74.62.Fj, 76.50.1g
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I. INTRODUCTION

The observation of colossal magnetoresistance~CMR! in
hole-doped perovskite-type manganitesL12xAxMnO3 (L
5trivalent lanthanide ion;A5alkaline metal! has promoted
extensive studies of these compounds, in recent yea1,2

Manganites were found to exhibit a plethora of magnetic a
electronic phases, depending on the value of the dopinx
and the averagedA site cation radiuŝ r A&. It is widely ac-
cepted that the predominant CMR mechanism arises ma
due to the double exchange~DE! interaction mediated by
hopping of spin-polarizedeg electrons, between Mn31 and
Mn41, thereby facilitating both the electrical conductan
and the ferromagnetic~FM! coupling in the ferromagnetic
metallic ~FMM! phase. On the other hand, certain electr
orbital configurations energetically favor superexchan
~SE! interactions between localized electrons and may y
a formation of ferromagnetic insulating~FMI! or antiferro-
magnetic~AFM! phases.3 Special attention in this regard wa
given to the Jahn-Teller~JT! effect. Millis et al.4 claimed that
the double exchange alone cannot explain CMR and the
sistivity peak in the vicinity of Curie temperatureTC . They
proposed that JT interactions should also be taken into
count. According to recent studies the ground states of s
manganites exhibit a strong tendency toward phase sep
tion ~PS! involving phases with different magnetic an
orbital/charge ordering.2

Among the variety of hole-doped manganese perovski
the Pr12xCaxMnO3 ~PCMO! is of special interest for the
following reasons.~i! The similarity in the size of Ca21 and
Pr31 cations establishes a situation for which^r A& is practi-
cally constant~1.18 Å! and there is a very low mismatc
0163-1829/2003/68~9!/094428~8!/$20.00 68 0944
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whateverx is.5 ~ii ! The compounds exhibit insulating beha
ior over the entire composition range because of the nar
bandwidth of theeg electrons and the corresponding we
DE interaction.5,6 In the intermediate region 0.3,x,0.8 the
PCMO system undergoes a charge ordering~CO! transition
and AFM ordering of Mn31 and Mn41 at Néel temperatures:
TN'170 K for x50.3 and TN'100 K for x50.8.5,6 The
charge ordered state in PCMO systems is very sensitiv
different external ‘‘perturbations.’’ For example, it may b
destabilized upon application of x-ray,7 light,8,9 external
pressure,10 or electric field/current.11 According to the exist-
ing phase diagram5,6 of the low doping range (0.1,x,0.3)
PCMO represents a pure FMI phase in its ground state.
x50.2 a robust ferromagnetism with magnetic moment
4 mB /f.u. was found at a temperature ofT55 K and mag-
netic field of 25 kOe.5,12 Exotic effects13,14 of current-driven
magnetization changes were also found in Pr0.8Ca0.2MnO3
single crystal.

The aim of this paper is to report on experimental inve
tigations that reveal some of the specific features of magn
and transport properties of Pr0.8Ca0.2MnO3 single crystal and
provide some experimental evidences for phase separa
The experiments involve measurements of magnetizatio
various pressures as well as dc and dynamic resistance
electron magnetic resonance~EMR!.

II. EXPERIMENT

The Pr0.8Ca0.2MnO3 crystal was grown by a floating zon
method using an image furnace.13 More details, including
results of x-ray diffraction and electron diffraction as well
neutron diffraction studies are presented elsewhere.12,13 The
©2003 The American Physical Society28-1
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unit cell of this crystal is orthorhombic having aPnma space
group.13 A crystal for the resistivity measurements was p
pared in the form (53231.6) mm3 having its longest di-
mension alonĝ100& orthorhombic direction. Evaporated si
ver strips with a separation of about 0.5 mm between
voltage (V) contacts were used for the customary four-po
resistance measurements. ac measurements of dynamic
tance (Rd5dV/dI) were performed using a lock-in tech
nique and a modulation current 5mA at 390 Hz. For the
measurements ofRd vs bias current, the applied currentI
was limited to avoid any heating of the sample. Measu
ments of dynamic magnetoresistanceRd(H) were carried out
in a longitudinal geometry for which magnetic fieldsH up to
15 kOe was aligned parallel to the current direction. Mag
tization measurements were performed at various temp
tures and magnetic field up to 50 kOe by using a superc
ducting quantum interference device~SQUID! magne-
tometer. A cylinder-shape sample having a diameter of 1
and height of 4.0 mm witĥ100& axis of rotation was used
for measurements of magnetization under hydrostatic p
sure. The measurements were performed in the tempera
range 4.2–220 K and magnetic fields up to 15 kOe, us
PAR ~Model 4500! vibrating sample magnetometer. Deta
of the magnetic measurements under pressure are pres
elsewhere.15

Electron magnetic resonance~EMR! measurements
namely, ferromagnetic resonance~FMR! at T,TC and elec-
tron paramagnetic resonance~EPR! at T.TC were carried
out using Bruker EMX-220X band (n59.4 GHz) spectrom-
eter within the temperature range 116 K<T<460 K. For a
detailed description of the method of measurements, see
16. All measurements were performed on a loose-pac
micron-sized~5–20 mm! crushed crystal. The reasons f
selecting such a sample for our EMR measurements are
scribed in detail in Ref. 17.

III. RESULTS

A. Magnetic properties

Figure 1~a! presents field cooled~FC! and zero field
cooled~ZFC! magnetization curves (MFC andMZFC, respec-
tively!, for H aligned along the easy direction in the~100!
plane. The abrupt change in the magnetization at abouT
'130 K is attributed to magnetic ordering of the Mn subl
tice. The slight change in the slope ofMFC andMZFC curves
is attributed to the ordering of Pr moments. Such a low te
perature ordering of Pr moments atT'60 K is a character-
istic feature of the PCMO system.6,12,18 The ferromagnetic
transition temperature of the Mn spinsTC1 at various pres-
sures was determined by maximal slope in bothMFC(T) and
MZFC(T) dependences. The results as well as the pres
dependence of the ordering temperature of Pr spinsTC2 are
shown in Fig. 1~b!. The observed pressure coefficient of t
two transition temperatures are remarkably differe
dTC1 /dP'0.24 K/kbar and fordTC2 /dP'20.75 K/kbar;
see Fig. 1~b!. It shoud be noted that at higher pressures
change in the slopes of the magnetization curves atTC2 is
much less pronounced and this hampers the determinatio
TC2 anddTC2 /dP as well.
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Magnetization curvesM vs magnetic fieldH for various
temperatures at ambient pressure along the easy dire
^100& were measured. A relatively high magnetic field~of
about 5 kOe! is required to saturate the magnetization atT
55 K. The high value of saturated magnetization obtained
found to be in compliance with neutron diffraction18 mea-
surements, which show that both the Mn and Pr are alig
along ^100& at T,TC2 . The nature of the magnetic aniso
ropy in ~100! plane is seen in Fig. 2. It presents the angu
dependence of the magnetization in this plane for an app
magnetic field ofH510 kOe, at various temperatures.

FIG. 1. ~a! Field cooled (MFC) and zero field cooled (MZFC)
magnetization measured at applied magnetic fieldH5100 Oe ap-
plied along easy axis in~100! plane, forP50 andP511.8 kbar.
TC1 and TC2 denote the ferromagnetic transition temperatures
Mn and Pr spins, respectively.~b! Pressure dependence of the fe
romagnetic transition temperaturesTC1 andTC2 . The dashed lines
are linear fits.

FIG. 2. The angular variation of the magnetization of t
Pr0.8Ca0.2MnO3 single crystal in~100! plane at various temperature
at P50 under magnetic fieldH510 kOe.
8-2
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twofold symmetry forM (u) is clearly observed belowT
580 K, suggesting an uniaxial magnetocrystalline anis
ropy of the formK sin 2u. Here,K is anisotropy constant an
u, is the angle that the magnetic fieldH forms with the local
easy axis in~100! plane. A similar kind of anisotropy wa
observed earlier in~100! plane of low doped La12xCaxMnO3
(x50.18, 0.2, 0.22!.15,17 Measurements ofM (H) were car-
ried out forH aligned along the easy and hard directions
~100! plane, at various temperatures, see Figs. 3~a!, 3~b!. One
should noted in Fig. 3~b!, that DM (H)/DH at low fields
does not monotonically increase for decreasing tempera
as observed for easy direction@see Fig. 3~a!#.

In contrary to the pronounced suppression of magn
anisotropy obtained for La12xCaxMnO3 (x50.18, 0.2, 0.22!
under pressure,15,17 M (H) of Pr0.8Ca0.2MnO3 measured
along the easy and hard directions in~100! plane show a
pronounced increase of magnetic anisotropy atT,100 K un-
der pressure. The effective anisotropy fieldsHA in ~100!
plane at ambient pressure andP510.9 kbar are given in Fig
4~a!. We have also drawn the dimensionless param
(Mmax-Mmin)/Mmin using maximal and minimal values of an
gular dependences of magnetization in~100! plane at ambi-
ent pressure and atP510.9 kbar@Fig. 4~b!# for the entire
temperature rangeT,TC1 . Magnetization loops atT55 K
~not shown! along easy and hard directions in~100! plane
exhibit a ferromagnetism with distinct differences related
the local easy and hard directions and a coercive field
about few hundreds of Oe.

B. Resistance and magnetoresistance

Figure 5 presents the temperature dependence of th
sistivity r(T) in a semilogarithmic scale, for various electr

FIG. 3. Magnetization curvesM vs H of the Pr0.8Ca0.2MnO3

crystal measured atP50 for various temperatures. The magne
field is applied along~a! easy and~b! hard directions in the~100!
plane.
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currentsI 55, 50, 100mA, upon cooling. At temperature
higher thanTC1 , the resistivity obeys Arrhenius law of th
form r(T)5r0 exp(Ea /kT) with an activation energyEa
50.1360.005 eV. This is found in a qualitative agreeme
with the results of Jiraket al.6 It should be emphasized thatr
vs T21 for different currents practically coincide at temper
tures aboveTC1 . Below TC1 the resistivity becomes curren

FIG. 4. ~a! Temperature dependence of the magnetic anisotr
field HA in the ~100! plane. ~b! Dimensionless paramete
(Mmax-Mmin)/Mmin of Pr0.8Ca0.2MnO3 single crystal. The tempera
ture evolution of the parameter (Mmax-Mmin)/Mmin for the
La0.8Ca0.2MnO3 crystal measured atP50 andH51 kOe~Ref. 15!
is also presented. Dashed lines are guide to the eyes.

FIG. 5. The resistivity of the Pr0.8Ca0.2MnO3 single crystals as a
function of temperature. The dashed lines are guides to the ey
8-3
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dependent and the curves changes their initial slope, see
5. They obey Arrhenius law with activation energyEa
'0.0660.005 eV.

Measurements of the dynamic resistanceRd at various
magnetic fields or for various bias currentsI were performed
as a part of electrical transport studies. The effect of m
netic fields up to 15 kOe onRd at various temperatures i
seen in Fig. 6. At room temperatureRd(H) is practically
constant~not shown!, whereas for temperatures approachi
TC1 from above a bell shape form ofRd(H) was observed.
At temperaturesT<TC1 the dynamic resistanceRd vs H is
nearly linear, see Fig. 6. A maximal effect of about 25%
observed nearTC1 . Figure 7 displaysRd of Pr0.8Ca0.2MnO3
crystal at various temperatures as a function of the cur
flow. Small effects of current or magnetic field onRd were
observed even at temperatures much higher thanTC1 , see

FIG. 6. Magnetic field dependence of the dynamic resistivity
the Pr0.8Ca0.2MnO3 single crystal at various temperatures.

FIG. 7. Dynamic resistivity of the Pr0.8Ca0.2MnO3 single crystal
vs current at various temperatures.
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Fig. 7~d!. Such an effect with a bell-shape current depe
dence becomes more pronounced as the temperature
proachesTC1 from above@Fig. 7~c!#. BelowTC1 the effect of
current increases strikingly with decreasing temperature;
Figs. 7~a!, 7~b!.

C. Electron magnetic resonance

EMR spectra~Fig. 8! of the loose-packed sample demo
strate a complex structure at temperatures approachingTC1
from below. Namely, starting atT5116 K, a Gaussian-
shaped resonance line ofHr>5.5 kOe and widthDHpp
>1.89 kOe is superimposed onto the negative shoulder
weak broad line, centered at zero field. With heating b
lines become narrower and shift towards a magnetic fi
value corresponding tog;2; see Figs. 8~b! and 9. At T
.120 K the low field resonant line becomes well define
The above two lines merge to a single one in the vicinity
TC15130 K, but the second derivative EMR spectra enab
one to distinguish them up toT;145 K, see Fig. 8~a!. More-
over, the discussed lines converges into a Lorentzian sha
one only at temperatures aboveT5160 K.

The temperature dependence of the double integrated
tensity ~DIN! of the EMR spectra is plotted in Fig. 10~a!.
Within the FM region, the DIN value exhibits a significan
enhancement atTmax5132.5 K and then abruptly drops wit
decreasing temperature. In the paramagnetic~PM! region
(T.TC1), the intensity of the EMR line obeys an approx
mate Curie-Weiss behavior withu;200 K. The Arrhenius
plot of DIN clearly shows two linear segments—see F
10~b!—that may be well fitted with activation energie
DEa

159961 meV (130 K,T,200 K) and DEa
2571

f

FIG. 8. Temperature dependence of EMR spectra of loo
packed Pr0.8Ca0.2MnO3 sample,n59.434 GHz:~a! PM region,~b!
FM region, the arrows point out the shift of the corresponding EM
lines towardsg52.00 position~vertical dashed line! at tempera-
tures approachingTC1 .
8-4
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MAGNETIC, TRANSPORT, AND ELECTRON MAGNETIC . . . PHYSICAL REVIEW B68, 094428 ~2003!
61 meV (200 K,T,420 K). The physical meaning o
DEa has been discussed in Ref. 19 in which the cons
coupling approximation~CCA! model of resonating center
describes a progressive clustering of the Mn31-Mn41 ions
mediated by the hopping of electrons. Even within the P
region the EMR line continues shifting to higher fields reac
ing the resonance field (Hr) corresponding tog51.97
60.01 at T.300 K @see Fig. 9~a!#. The DHpp(T) depen-
dence for this line shows a minimum atTmin5157.5 K @see
Fig. 9~b!#. It is shown here that both the ‘‘bottleneck
model20 and the Huber’s model21 may describe theDHpp(T)
dependence quite satisfactorily. A least square fit of
‘‘bottleneck’’ model @see Fig. 9~b!, dashed line# provides us
with the value of DEa

s55663 meV and DHpp
0 5330

6130 Oe, whereas Huber’s model~ibid, solid line! yields
DHpp(`)55760650 Oe anduPM514261 K.

IV. DISCUSSION

The nature of the FMI ground state of PCMO system
x,0.3 is a subject of many discussions in recent years. S
of the intriguing properties of these compounds were att
uted to an orbital polaron lattice characterized by polar
type charge and orbital ordering~OO!.22 On the other hand
recent x-ray resonant scattering studies forx50.25 show that
only long-range orbital ordering occurs with no indication
CO.23 Though, the pressure effect onTC and FM interactions
was extensively studied in the past for various manga

FIG. 9. Temperature dependence of resonance fieldsHr for
Pr0.8Ca0.2MnO3 : triangles up—signal ascribed to the FMI phas
triangles down—signal ascribed to the FMM phase; diamonds—
PM phase signal. Dashed lines are guides to the eyes.~a! A zoom of
Hr(T) for the PM signal.~b! Temperature dependence of the lin
width DHpp above TC1 : dashed line—best fit according to th
model of Shengelayaet al. ~Ref. 20!, solid line—best fit according
to the Huber’s model~Ref. 21!.
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systems~Refs. 2, 15, 17, and references therein!, no studies,
to the best of our knowledge, of the FMI ground state (0
,x,0.3) of PCMO under pressure have ever been repor
According to our experimental results, the pressure dep
dences of both transition temperaturesTC1 andTC2 are lin-
ear, see Fig. 1~b!. The pressure coefficient ofTC1 matches
with that of TC for La0.8Ca0.2MnO3 and La0.82Ca0.18MnO3
and significantly differs from that of La0.78Ca0.22MnO3.17

The similarity in the pressure coefficient may be attributed
the dominant ferromagnetic SE interactions in FMI grou
state, existing in these compounds. In the case
La0.78Ca0.22MnO3, the DE is a significant exchange and
has much higher sensitivity to pressure.15

The magnetization measured atT55 K along ^100& ap-
proaches a value higher than 4mB /f.u. in magnetic fieldH
.20 kOe. This value is higher than that expected for
magnetic moment of Mn spins alone. For the present ratio
Mn31 and Mn41 one expects to get 3.8mB /f.u. The compari-
son ofM (H) dependences for different directions shows th
the ^100& direction is an easy direction for both Mn and P
moments, in compliance with previous results
magnetization5,12 and neutron diffraction.6,18 The FM order-
ing of Pr moments may arise due to the exchange coup
between localized 4f spins of Pr ions and neighboring M
spins. Correlating the magnetic measurements with the n
tron diffraction16 measurements, one may conclude that
ferromagnetic ordering of the Pr31 spins manifests itself by a
change in the slope of the magnetization~see Fig. 1! and the
magnetic susceptibility.12 The superexchange interaction b
tween Pr ions and neighboring Mn ions depends on
charge, crystallographic structures, and the relative orie
tion of the corresponding orbitals.

;
e FIG. 10. ~a! Temperature dependences of double integrated
tensity DIN for Pr0.8Ca0.2MnO3 . ~b! Arrhenius plot of DIN, the
solid and dashed lines represent the best linear fits above and b
T5200 K, respectively.
8-5
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It is of interest to compare the magnetic anisotropy
Pr0.8Ca0.2MnO3 with that previously reported fo
La12xCaxMnO3.15,17 ~i! The magnetic anisotropy o
Pr0.8Ca0.2MnO3 is found to be much higher and increas
with decreasing temperature and at applied pressure, whi
the case of La0.8Ca0.2MnO3 an applied pressure suppress
strongly the magnetic anisotropy in the~100! plane.15 ~ii !
The value of (Mmax-Mmin)/Mmin for La0.8Ca0.2MnO3 exhibits
other trend at low temperatures~see Fig. 4—the data of th
magnetization were taken from Ref. 15!. The angular depen
dence of the magnetization of La0.8Ca0.2MnO3 ~Ref. 15! was
measured in a magnetic field ofH51 kOe, because mag
netic fields of;10 kOe suppress completely such a dep
dence. The much stronger anisotropy of the magnetic in
action in ~100! plane found in Pr0.8Ca0.2MnO3 may be
attributed to the more pronounced orthorhombic distortio
in PCMO in comparison to La12xCaxMnO3 lattices. The
spontaneous orthorhombic strain defined bys52(b2a)/(b
1a), is s50.0377 ands50.0646 at room temperature fo
parent compounds LaMnO3 and PrMnO3,24 respectively.
Higher lattice distortions in PrMnO3 in so-calledO8 ortho-
rhombic structure (c/&,a,b), are characterized by stron
ger JT interactions and higher Jahn-Teller (TJT) transition
temperatures, respectively. In fact, the parent compo
LaMnO3 undergoes a structural phase transition atTJT
'750 K,25 above which the OO disappears. For PrMnO3 a
similar transition takes place at about 1050 K.26 The evalua-
tion of s for La12xCaxMnO3 crystals15,17shows that it ranges
from s50.0014 forx50.18 tos50.00001 forx50.22 and
these crystals belong rather to a quasicubic phaseO8*

(c/&;a;b). On the other hand, the value ofs for
Pr0.8Ca0.2MnO3 ~Refs. 5, 18! is 0.0206 at room temperatur
and s50.0233 atT510 K. This means that at this level o
the Ca doping a strong enough orthorhombic distortions
perovskite structure still retain. Using the local-spin-dens
approximation method Solovyevet al.27 have shown that JT
lattice distortions play a crucial role in the formation of ma
netocrystalline anisotropy, as well as in the anisotropic a
isotropic exchange interactions of perovskite manganites
PCMO the Pr moments couple with Mn spins and may
very essential to the physical properties at low temperatu
It was suggested28 that Pr spins dominate the low temper
ture thermodynamics of Pr0.7Ca0.3MnO3 and exhibits a soft
spin wave spectrum relative to other FM perovskite man
nites. The very low values of spin-wave stiffnessD were
observed in Pr0.7Ca0.3MnO3,28 D'2562 meV Å2 and
Pr0.8Ca0.2MnO3,12 D'1563 meV Å2. It is supposed tha
the coupling between the Mn and the Pr moments having
easy axis alonĝ100& direction leads to an increment of th
magnetic anisotropy atT,TC2 , see Fig. 4.

As noted previously, the resistivity shows an insulati
behavior in the whole temperature range of our meas
ments, though a marked drop in the activation energy is s
below TC1 , see Fig. 5. Such a behavior is a characteris
feature of magnetic semiconductors, where the activation
ergy depends strongly on the long-range magnetic ord29

Additional source for such drop in theEa may presumably
be associated with anomalies of thea and b lattice param-
09442
f

in
s

-
r-

s

d

f
y

d
In
e
s.

-

n

e-
en
c
n-
.

eters in the vicinity ofTC1 ,18 yielding a modification in the
phonon spectrum and band structure. Particularly, ferrom
netic transition atTC1 is accompanied not only by a drop o
a lattice parameter, but also by a change in the tempera
variation of the orthorhombic strain parameters. From the
temperature dependence of the lattice parameters,18 one may
conclude thats increases upon lowering the temperatu
from 300 to about 150 K, while it slightly decreases up
decreasing temperatures atT,TC1 . It should be noted tha
at low temperaturesT,70 K in small bias currents
(,1 mA) the resistivity of Pr0.8Ca0.2MnO3 is too high to be
measured, see Fig. 5 and Ref. 13. For higher bias curr
(.10 mA) the resistance of Pr0.8Ca0.2MnO3 crystal is
strongly depressed and saturates at decreasing temperat13

At these currents a slight anomaly of the resistivityR(T) was
observed around 50 K, presumably linked to the ferrom
netic Pr ordering.13 In inhomogeneous materials, because
the rather random distribution of Mn31 and Mn41 ions, the
DE operates in spatially distinct disordered regions of
sample. These regions with mobile carriers at decreas
temperature are more and more interrupted by tunnel-t
weak links associated with twin boundaries of single crys
line sample13,30 and the Pr ordering will only slightly affec
the tunneling conductivity.

The dynamic resistanceRd exhibits a negative magnetore
sistance~MR! effect, a characteristic feature of magne
semiconductors, where the band structure is spin depen
and two subbands are found for the majority~spin directed
parallel to the magnetization! and minority~spin antiparallel
to the magnetization! carriers. A magnetic field pushes dow
the bottom of the spin-up subband and as a consequenc
gap between conduction and valence bands decreases, r
ing in a lowering of resistance. In low doped La12xCaxMnO3
(x50.18, 0.2! and in the range of moderate magnetic fie
~up to 10 kOe! a positive MR was observed15,17 below TC .
This effect may occur only in a predominantly FMI groun
state with SE interactions. Negative magnetoresistanc
rather a hallmark of the DE interactions in manganites a
presumably reflects the presence of FMM regions in
predominantly ferromagnetic insulating matrix of
Pr0.8Ca0.2MnO3 sample.

Modest electric current/field applied to charge-order
manganites may lead to a metal-insulator transition an
prominent nonlinearity of voltage-current characteristics.
the case of the FMI ground state the nature of the interac
between current and magnetic moments may be much m
complicated. An applied current may affect the dynamic
sistanceRd , and in our case such an effect increases stron
with decreasing temperature, see Figs. 5, 7. Let us dis
the possible reasons of such a behavior. Orbital ordering m
give rise not only to magnetic anisotropy of Pr0.8Ca0.2MnO3
but also to a strong localization effect. An electric curre
field may thus induce a local electrical moment in MnO6
octahedra by modifying the spatial distribution of the
charges and suppressing the JT local distortion, thereby l
ing to delocalization effects. According to Tokura an
Nagaosa31 the electric field may directly affect the direc
tional order of the orbital, when the compound is insulati
enough, and alter the magnetic state. Such features were
8-6
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served in Pr0.8Ca0.2MnO3 crystal in the present work and als
in Refs. 13, 14. Another mechanism for current driven s
pression of resistivity may be associated with condensate
fects of charge density waves~CDW’s! or spin density waves
~SDW’s!. Recently, Kida and Tonouchi32 have found spec-
troscopic evidence of CDW condensate in charge-orde
Pr0.7Ca0.3MnO3, which arises due to quasi-one-dimension
CO and OO. A characteristic feature of CDW systems i
rising of nonlinear conduction and sudden motion of CD
~CDW depinning!,33 when electric current/field exceed
some threshold value. Similar behavior was observed11 for
charge ordered Pr12xCaxMnO3 (0.3,x,0.4) samples. In
the case of Pr0.8Ca0.2MnO3, a sharp decrease of the dynam
resistance is seen even for small electric current/field,
Fig. 7. It is worth noting that SDW systems exhibit a mu
lower spin gap;10 meV, in comparison with CDW sys
tems, where the single-particle excitation is characterized
a gap of ;100 meV.33 Therefore, nonlinear transport i
SDW systems may occur at low values of applied curre
field. Goodenough34 has pointed out that for ferromagnetis
mediated by SE interactions, the SDW state may be st
lized, if the intraatomic electron-electron interactions are
strong enough to remove completely the spin degenerac
the band.

EMR spectra of the Pr0.8Ca0.2MnO3 sample clearly dem-
onstrate that the magnetic state is phase separated cons
of two distinguished magnetic phases. Comparing with EM
and r(T) data, obtained on a similar La0.82Ca0.18MnO3
sample,17 one may conclude that the high field EMR sign
observed atT>116 K @see Fig. 8~b!# belongs to FMI phase
which exhibits a certain strong magnetocrystalline anis
ropy. Another fast growing EMR signal, which shifts fro
zero fields with increasing temperature and becomes obs
able at T.120 K, resembles EMR signals previously o
served in homogeneous FMM manganites. This signal m
be attributed to the FMM phase chracterized by uniax
magntic anisotropy. It is worth mentioning here that EM
reveals the presence of the PS (FMI1FMM) magnetic state
at temperatures up to;1.1TC1 . The asymmetry of EMR
signals disappears atT;1.2TC1 . Only above these tempera
tures can the sample be considered as having no long r
magnetic ordering at all. The signal intensity above 1.2TC1
obeys Arrhenius behavior with two different activation en
gies, alternating atT;200 K—see Fig. 10~b!. One may as-
sume that at T;200 K the magnetic interactions i
Mn31-Mn41 undergo a change. Moreover, the effectiveg
factor of the singlet Lorentzian line, which, far aboveTC1 ,
indicates the strength of internal magnetic fields acting
the PM entity, starts leveling off above 220 K.

Let us discuss the unusual sharp drop of DIN belowTmax,
where the magnetization saturates rapidly slightly belowTC1
~see above!. The DIN is proportional to the relative amoun
of the corresponding magnetic phase within the samp
volume and to its high frequency magnetic susceptibil
Therefore, the sharp reduction of DIN by decreasingT may
arise because of~a! a reduction in the actual amount of ma
netic phase,~b! a shift of the EMR signal towards zero field
i.e., an appearance of a nonresonant FMR microw
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absorption35 and~c! the formation of so called spin~or clus-
ter! glass state, for which some magnetic moments beco
‘‘frozen’’ and ‘‘invisible’’ at higher frequencies, as has bee
earlier observed by measurements of ac susceptibilit36

Magnetization data for this sample demonstrate that, for
temperaturesT,TC1 , the total volume of FM phases~FMI
and FMM! remains practically unchanged. On the oth
hand, a considerable splitting between FC and ZFC cur
below TC1 ~see Fig. 1!, indicates the existence of a spin
cluster-glass-like state. Thus, only the~b! and ~c! scenarios
should be taken into account. Within the temperature ra
120 K,T,TC1 the FMM phase is the main contributor t
the EMR signal. This signal sharply decreases in inten
and shifts rapidly toward zeroH at low temperatures. AtT
,120 K some part of the resonant FMM absorption plau
bly turns to a non-resonant one, which causes the reduc
of the integral intensity of the entire EMR spectrum. How
ever, there are several temperature points upon approac
Tmax, where most of the FMM signal remains within th
integration interval. Since the DIN reduction was also o
served at these points@see Fig. 10~a!# one may conclude tha
the spin/cluster glass effect also plays an important role
the DIN reduction observed.

The temperature dependences ofHr reflect changes in the
magnetic anisotropy. The absolute value of the EMR sig
shift from its g52 position is proportional to the ratio o
effective constant of the corresponding magnetocrystal
anisotropy to magnetization. With decreasing temperat
the FMI phase EMR signal shifts toward high fields—s
Fig. 9. However, within the investigated temperature regi
the magnetization remains practically unchanged. Thus
can suppose that the magnetic anisotropy of the FMI ph
increases upon decreasing temperatures. The same co
sion may be drawn for the FMM phase, where shift of t
FMR line vs temperature also reflects the change of its m
netic anisotropy parameter—see Fig. 9. The above con
sions are in line with the results of magnetic measureme
given in Fig. 4.

In summary, a number of experiments involving measu
ments of electrical resistance, magnetization and EMR w
employed in our study of magnetic and transport proper
of Pr0.8Ca0.2MnO3 crystal. Two ferromagnetic transition
were observed atTC1'130 K and TC2'60 K, designate
long range ordering of Mn and Pr spins, respectively. B
of transitions demonstrates an opposite noticeable p
sure coefficient dTC1 /dP'0.24 K/kbar and dTC2 /dP
'20.75 K/kbar. The angular dependence of the magnet
tion in the ~110! plane exhibits a twofold symmetry aniso
ropy. The anisotropy fieldHA in ~100! plane increases ap
proximately linearly at decreasing temperatures a
approaches approximately a value of 12 kOe, atT580 K. A
rise of the anisotropy field under pressure has been obse
as well. The resistivityr(T) obeys the Arrhenius law a
140 K<T<300 K with an activation energyEa5130 meV,
while belowTC1 Ea560 meV. The change in the activatio
energy is presumably associated with the transformation
phonon spectra and band structure attributed to the ano
lies of lattice parameters, nearTC1 . The MR vs magnetic
field dependence changes from a bell-shaped form aT
8-7
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.TC1 to an almost linear dependence atT,TC1 , and ap-
proaches a maximal value of about 25% nearTC1 for H
514.5 kOe. The dynamic resistivityRd exhibits a pro-
nounced dependence on a bias current above and belowTC1 .
For example, a bias current of 100mA at T5150 K de-
creasesRd by 10%. The application of such a current atT
590 K results in a fourfold reduction of theRd . A higher
magnetic anisotropy and localization effects occur in
Pr0.8Ca0.2MnO3 single crystal with respect to
La12xCaxMnO3 crystals having a similar level of doping
This may be attributed to higher orthorhombic strain and
the formation of an orbital ordered state. EMR provides
most clear cut indication on phase separation
Pr0.8Ca0.2MnO3: below TC1 two resonance lines assigned
FMI and FMM phases are clearly observed. The EMR sig
intensity above 1.2TC1 follows the Arrhenius equation with
tt.
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two activation energies, alternating atT;200 K. Possible
mechanisms, such as the destabilization of the OO and
motion of charge/spin density wave condensate for curr
induced suppression of the dynamic resistance in the fe
magnetic state are discussed.
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