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Magnetic, transport, and electron magnetic resonance propertieg&fesMnO; single crystals have been
investigated. Two ferromagnetic transitions observed at~130 K andT-,~60 K, denote a long range
ordering of Mn and Pr spins, respectively, and exhibit an opposite pressure coefficieng faTs, /dP
~0.24 K/kbar andd T, /dP~ —0.75 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 p(T) obeys the Arrhenius law at 140KT<300 K with an activation energ¥,=130 meV,
whereas belowl'c;, E;=60 meV. The dynamic magnetoresistance vs magnetic field approaches a highest
value of about 25% nedr, for H=14.5 kOe. The dynamic resistanBg exhibits a pronounced dependence
on a bias current at T<T;. 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 Bglow he 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.
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[. INTRODUCTION whateverx is® (i) The compounds exhibit insulating behav-
ior over the entire composition range because of the narrow

The observation of colossal magnetoresistai@@R) in  bandwidth of theey electrons and the corresponding weak
hole-doped perovskite-type manganites_,A,MnO; (L DE interactiort® In the intermediate region 03x< 0.8 the
=trivalent lanthanide ionA= alkaline metal has promoted PCMO system undergoes a charge ordef@@) transition
extensive studies of these compounds, in recent years.and AFM ordering of MA* and Mrf" at Neel temperatures:
Manganites were found to exhibit a plethora of magnetic and’y~170 K for x=0.3 and Ty~100 K for x=0.82°% The
electronic phases, depending on the value of the doping charge ordered state in PCMO systems is very sensitive to
and the averageA site cation radiugr ). It is widely ac-  different external “perturbations.” For example, it may be
cepted that the predominant CMR mechanism arises mainlgiestabilized upon application of x-raylight,®° external
due to the double exchand®E) interaction mediated by pressure? or electric field/current! According to the exist-
hopping of spin-polarizee, electrons, between M and  ing phase diagraf? of the low doping range (02x<0.3)
Mn**, thereby facilitating both the electrical conductancePCMO represents a pure FMI phase in its ground state. For
and the ferromagneti¢FM) coupling in the ferromagnetic x=0.2 a robust ferromagnetism with magnetic moment of
metallic (FMM) phase. On the other hand, certain electrord ug/f.u. was found at a temperature =5 K and mag-
orbital configurations energetically favor superexchangenetic field of 25 kOe:'2 Exotic effect$®**of current-driven
(SE) interactions between localized electrons and may yieldnagnetization changes were also found ig 28, ,MnO;

a formation of ferromagnetic insulating-MI) or antiferro-  single crystal.

magnetid AFM) phases.Special attention in this regard was ~ The aim of this paper is to report on experimental inves-
given to the Jahn-TellddT) effect. Millis et al? claimed that  tigations that reveal some of the specific features of magnetic
the double exchange alone cannot explain CMR and the reand transport properties of Ra; ,MnO; single crystal and
sistivity peak in the vicinity of Curie temperatufig.. They  provide some experimental evidences for phase separation.
proposed that JT interactions should also be taken into acFhe experiments involve measurements of magnetization at
count. According to recent studies the ground states of somearious pressures as well as dc and dynamic resistance and
manganites exhibit a strong tendency toward phase separalectron magnetic resonantEMR).

tion (PS involving phases with different magnetic and
orbital/charge ordering.

Among the variety of hole-doped manganese perovskites,
the Py_,CaMnO; (PCMO) is of special interest for the The Pg Ca MnO; crystal was grown by a floating zone
following reasons(i) The similarity in the size of G4 and  method using an image furnat&More details, including
Pr* cations establishes a situation for whighy) is practi-  results of x-ray diffraction and electron diffraction as well as
cally constant(1.18 A) and there is a very low mismatch neutron diffraction studies are presented elsewlfet&The

Il. EXPERIMENT
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unit cell of this crystal is orthorhombic havingRy, ,,, space a

group®® A crystal for the resistivity measurements was pre- 281 = T Prg,Cao,MnO,
pared in the form (%X2x1.6) mn? having its longest di- 214 FC

mension along100 orthorhombic direction. Evaporated sil- ] ] T

ver strips with a separation of about 0.5 mm between the g 144 “
voltage (/) contacts were used for the customary four-point é” 1 H=100 Oe
resistance measurements. ac measurements of dynamic resis- 074 ZFC —O—p=0

tance Ry=dV/dl) were performed using a lock-in tech- 1 —0— P=11.8 kbar

nique and a modulation current A at 390 Hz. For the °'°0 A o - 50
measurements dRy vs bias current, the applied current Temperature (K)

was limited to avoid any heating of the sample. Measure- 135

ments of dynamic magnetoresistarigH) were carried out ] () = p— o--
in a longitudinal geometry for which magnetic fieldsup to 130 o O-----mm T

15 kOe was aligned parallel to the current direction. Magne- o o T, =130+0.24 P

tization measurements were performed at various tempera- o eof’o

tures and magnetic field up to 50 kOe by using a supercon- |

ducting quantum interference devic€SQUID) magne- 50- A . -Q
tometer. A cylinder-shape sample having a diameter of 1 mm 1.,=58.8-0.75P ”
and height of 4.0 mm witq100) axis of rotation was used 0 2 4 6 8 10 12
for measurements of magnetization under hydrostatic pres- Pressure (kbar)

sure. The measurements were performed in the temperature . .
range 4.2-220 K and magnetic fields up to 15 kOe, using FIG. 1. (a) Field cooled Mgc) and zero field cooledM z¢c)
PAR (Model 4500 vibrating sample magnetometer. Details magnetization measured at applied magnetic ft¢td 100 Oe ap-

of the magnetic measurements under pressure are presenfdigd along easy axis 100 plane, forP=0 andP=11.8 kbar.
elsewheré? Tc1 and T, denote the ferromagnetic transition temperatures of

Mn and Pr spins, respectivelgh) Pressure dependence of the fer-
romagnetic transition temperatur€g; andT.,. The dashed lines
are linear fits.

Electron magnetic resonancéEMR) measurements,
namely, ferromagnetic resonan@@VIR) at T<T and elec-
tron paramagnetic resonaneéPR at T>T. were carried
out using Bruker EMX-22(X band (v=9.4 GHz) spectrom-
eter within the temperature range 116K <460 K. For a Magnetization curved! vs magnetic fieldH for various
detailed description of the method of measurements, see Reémperatures at ambient pressure along the easy direction
16. All measurements were performed on a loose-packe{l00) were measured. A relatively high magnetic fielof
micron-sized(5—20 um) crushed crystal. The reasons for about 5 kOg is required to saturate the magnetizatioriTat
selecting such a sample for our EMR measurements are de=5 K. The high value of saturated magnetization obtained is

scribed in detail in Ref. 17. found to be in compliance with neutron diffracti§rmea-
surements, which show that both the Mn and Pr are aligned
Ill. RESULTS along (100 at T<T.,. The nature of the magnetic anisot-

ropy in (100 plane is seen in Fig. 2. It presents the angular
dependence of the magnetization in this plane for an applied
Figure Xa) presents field cooledFC) and zero field magnetic field ofH=10kOe, at various temperatures. A
cooled(ZFC) magnetization curves\ c andM zr¢, respec-
tively), for H aligned along the easy direction in tli®00
plane. The abrupt change in the magnetization at aBout 80+ 5K P=0 . FC H=10kOe
~130 K is attributed to magnetic ordering of the Mn sublat- / o R
tice. The slight change in the slope Mifec and Mz curves
is attributed to the ordering of Pr moments. Such a low tem-
perature ordering of Pr moments B4=60 K is a character-
istic feature of the PCMO systefrt>® The ferromagnetic
transition temperature of the Mn spiiig.;, at various pres-
sures was determined by maximal slope in bdth(T) and
M2eo(T) dependences. The results as well as the pressure
dependence of the ordering temperature of Pr spgsare
shown in Fig. 1b). The observed pressure coefficient of the
two transition temperatures are remarkably different: 450 50 100 150 200 250 300 350 400
dTcq1/dP~0.24 K/kbar and fordTq,/dP~ —0.75 K/kbar;
see Fig. 1b). It shoud be noted that at higher pressures the
change in the slopes of the magnetization curve$gtis FIG. 2. The angular variation of the magnetization of the
much less pronounced and this hampers the determination ef, {Ca, ;MnO; single crystal i(100) plane at various temperatures
Tcp anddTe,/dP as well. at P=0 under magnetic fielth =10 kOe.

A. Magnetic properties

M (emu/g)

Angle (degree)
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FIG. 3. Magnetization curveM vs H of the PpsCa; ,MnO; 0 40 80 120 160
crystal measured @@ =0 for various temperatures. The magnetic Temperature (K)
field is applied alonda) easy andb) hard directions in thé100)
plane. FIG. 4. (a) Temperature dependence of the magnetic anisotropy

] field Hy in the (100 plane. (b) Dimensionless parameter
twofold symmetry forM(6) is clearly observed below (M maocMimin)Mmin Of Pl §Cay MNOs single crystal. The tempera-
=80 K, suggesting an uniaxial magnetocrystalline anisotture evolution of the parameter M(naMmin)/Mmin for the
ropy of the formK sin 26. Here K is anisotropy constant and La, {Ca, ,MnO; crystal measured & =0 andH =1 kOe(Ref. 15
6, is the angle that the magnetic figtiforms with the local s also presented. Dashed lines are guide to the eyes.
easy axis in(100 plane. A similar kind of anisotropy was
observed earlier i100 plane of low doped La_ ,CaMnO; currentsl =5, 50, 100uA, upon cooling. At temperatures
(x=0.18, 0.2, 0.2p*>'" Measurements ofl(H) were car-  higher thanTc,, the resistivity obeys Arrhenius law of the
ried out forH aligned along the easy and hard directions infgrm p(T)=poexpE,/kT) with an activation energyE,
(100 plane, at various temperatures, see Figa), 3(b). One  — 13+0.005 eV. This is found in a qualitative agreement
should noted in Fig. &), that AM(H)/AH at low fields  ith the resuits of Jiralet al® It should be emphasized that
does not monotonically increase for decreasing temperaturges 1-1 o different currents practically coincide at tempera-

as observed for easy directipsee Fig. 8)]. .tures abovel ;. Below T¢; the resistivity becomes current
In contrary to the pronounced suppression of magnetic

anisotropy obtained for La ,CaMnO; (x=0.18, 0.2, 0.2p
under pressur&l’ M(H) of PrygCa MnO; measured
along the easy and hard directions (itD0) plane show a ]
pronounced increase of magnetic anisotropy-atL00 K un- 10° 3
der pressure. The effective anisotropy fields in (100 ]
plane at ambient pressure aReF 10.9 kbar are given in Fig.
4(a). We have also drawn the dimensionless parameter
(M maxMmin)/M i Using maximal and minimal values of an-
gular dependences of magnetization(100 plane at ambi-
ent pressure and ®&=10.9 kbar[Fig. 4(b)] for the entire
temperature rang& <T;. Magnetization loops at =5 K

(not shown along easy and hard directions (h00) plane
exhibit a ferromagnetism with distinct differences related to ]
the local easy and hard directions and a coercive field of 10 . . . . .
about few hundreds of Oe. 0004 0006 0008 0010 0012 0014

T (K™

10°

10* 4

Resistivity (Q2 cm)

B. Resistance and magnetoresistance

Figure 5 presents the temperature dependence of the re- FIG. 5. The resistivity of the BgCa, ,MnO; single crystals as a
sistivity p(T) in a semilogarithmic scale, for various electric function of temperature. The dashed lines are guides to the eyes.
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FIG. 6. Magnetic field dependence of the dynamic resistivity of L 10k ; — i
the Pp¢Ca s,MnO;3 single crystal at various temperatures. -. = T=120K
ol : - T=116K |
dependent and the curves changes their initial slope, see Fig. ! ! y : y
5. They obey Arrhenius law with activation ener 0 2 4 6 8§ 10
. They obey ®a Magnetic Field (kOe)

~0.06+0.005 eV.

Measurements of the dynamic resistarRg at various
magnetic fields or for various bias currehtaere performed  packed PygCa, ,MnO; sample,v=9.434 GHz:(a) PM region, (b)
as a part of electrical transport studies. The effect of magrFMm region, the arrows point out the shift of the corresponding EMR
netic fields up to 15 kOe oy at various temperatures is lines towardsg=2.00 position(vertical dashed lineat tempera-
seen in Fig. 6. At room temperatufRy(H) is practically

constant(not shown, whereas for temperatures approaching
Tc1 from above a bell shape form &4(H) was observed.

At temperatureS <T; the dynamic resistandgy vs H is
nearly linear, see Fig. 6. A maximal effect of about 25% isproacheq -, from abovelFig. 7(c)]. Below T, the effect of
observed neaf ;. Figure 7 displaysRy of Pry¢Ca ,MnO;
crystal at various temperatures as a function of the currentigs. 7a), 7(b).
flow. Small effects of current or magnetic field &y were
observed even at temperatures much higher than see
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FIG. 7. Dynamic resistivity of the BgCa, ,MnO; single crystal
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FIG. 8. Temperature dependence of EMR spectra of loose-

tures approaching ¢, .

Fig. 7(d). Such an effect with a bell-shape current depen-
dence becomes more pronounced as the temperature ap-

current increases strikingly with decreasing temperature; see

C. Electron magnetic resonance

EMR spectraFig. 8) of the loose-packed sample demon-
strate a complex structure at temperatures approaching
from below. Namely, starting alf=116 K, a Gaussian-
shaped resonance line ¢1,=5.5kOe and widthAH,
=1.89 kOe is superimposed onto the negative shoulder of a
weak broad line, centered at zero field. With heating both
lines become narrower and shift towards a magnetic field
value corresponding tg~2; see Figs. &) and 9. AtT
>120 K the low field resonant line becomes well defined.
The above two lines merge to a single one in the vicinity of
Tc1=130 K, but the second derivative EMR spectra enables
one to distinguish them up B~ 145 K, see Fig. &). More-
over, the discussed lines converges into a Lorentzian shaped
one only at temperatures aboVe- 160 K.

The temperature dependence of the double integrated in-
tensity (DIN) of the EMR spectra is plotted in Fig. ().
Within the FM region, the DIN value exhibits a significant
enhancement &f,,=132.5 K and then abruptly drops with
decreasing temperature. In the paramagné®®) region
(T>Tc1), the intensity of the EMR line obeys an approxi-
mate Curie-Weiss behavior with~200 K. The Arrhenius
plot of DIN clearly shows two linear segments—see Fig.
10(b)—that may be well fitted with activation energies
AEl=99+1meV (130K<T<200K) and AE2=71
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Pry CaMnO;3: triangles up—signal ascribed to the FMI phase;
triangles down—signal ascribed to the FMM phase; diamonds—the FIG. 10. (a) Temperature dependences of double integrated in-
PM phase signal. Dashed lines are guides to the ¢ges.zoom of  tensity DIN for PggCa MnO;. (b) Arrhenius plot of DIN, the
H,(T) for the PM signal.(b) Temperature dependence of the line solid and dashed lines represent the best linear fits above and below
width AH,, above T¢;: dashed line—best fit according to the T=200 K, respectively.

model of Shengelayat al. (Ref. 20, solid line—best fit according

to the Huber's mode(Ref. 21. systemgqRefs. 2, 15, 17, and references thejeio studies,

to the best of our knowledge, of the FMI ground state (0.1
<x<0.3) of PCMO under pressure have ever been reported.
+*1meV (200 K<T<420K). The physical meaning of According to our experimental results, the pressure depen-
AE, has been discussed in Ref. 19 in which the constantlences of both transition temperatuiigs;, and T, are lin-
coupling approximatiofCCA) model of resonating centers ear, see Fig. (b). The pressure coefficient dfc; matches
describes a progressive clustering of the3NiMn** ions  with that of T¢ for LagCa ,MnO; and LQ)_SZCaollgvan%
mediated by the hopping of electrons. Even within the PMand significantly differs from that of LggCa ,MnO;."
region the EMR line continues shifting to higher fields reach-The similarity in the pressure coefficient may be attributed to
ing the resonance field I—(r) Corresponding tog=1.97 the domin_ant ferrpmagnetic SE interactions in FMI gl’OUﬂd
+0.01 atT>300K [see Fig. @)]. The AH,,(T) depen- state, existing in these. Compoynds. In the case .of
dence for this line shows a minimum &, =157.5 K[see  L@0.76Ca&MnO;, the DE is a significant exchange and it
Fig. Ab)]. It is shown here that both the “bottleneck” Nas much higher sensitivity to pressufre.

modef? and the Huber’s mod&imay describe th H ,,(T) The magnetization measured Bt5 K along (100 ap-

dependence quite satisfactorily. A least square fit of théroaches a value higher tharug/f.u. in magnetic fieldH
“bc[))ttleneck" n?odel [see Fig. 9))){ dashed Iingprovides us >20 kOe. This value is higher than that expected for the

with the value of AEJ=56+3meV and Ang: 330 magnetic moment of Mn spins alone. For the present ratio of

, e oo _ Mn* and Mrf* one expects to get 3. /f.u. The compari-
il—llig(g)e': ;\I?hee(;tezz CH)gb:r:%PTAidlezi fﬁl_ld ling) yields son ofM (H) dependences for different directions shows that

the (100 direction is an easy direction for both Mn and Pr
moments, in compliance with previous results of
IV. DISCUSSION magnetization'? and neutron diffractiofi:® The FM order-
ing of Pr moments may arise due to the exchange coupling
The nature of the FMI ground state of PCMO system atbetween localized # spins of Pr ions and neighboring Mn
x< 0.3 is a subject of many discussions in recent years. Somgpins. Correlating the magnetic measurements with the neu-
of the intriguing properties of these compounds were attribtron diffraction® measurements, one may conclude that the
uted to an orbital polaron lattice characterized by polaronferromagnetic ordering of the Pr spins manifests itself by a
type charge and orbital orderi@0).?? On the other hand, change in the slope of the magnetizatisee Fig. 1and the
recent x-ray resonant scattering studiesder0.25 show that magnetic susceptibility? The superexchange interaction be-
only long-range orbital ordering occurs with no indication of tween Pr ions and neighboring Mn ions depends on the
COZ Though, the pressure effect @ig and FM interactions  charge, crystallographic structures, and the relative orienta-
was extensively studied in the past for various manganit¢ion of the corresponding orbitals.
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It is of interest to compare the magnetic anisotropy ofeters in the vicinity ofT ¢, yielding a modification in the
PrpCa ,MnO; with that previously reported for phonon spectrum and band structure. Particularly, ferromag-
La;_,CaMnO;.® (i) The magnetic anisotropy of netic transition affc; is accompanied not only by a drop of
Py, sCa o,MnO; is found to be much higher and increasesa lattice parameter, but also by a change in the temperature
with decreasing temperature and at applied pressure, while iariation of the orthorhombic strain parameserFrom the
the case of LggCa MnO; an applied pressure suppressestemperature dependence of the lattice paramétense may
strongly the magnetic anisotropy in tH&00 plane®® (i)  conclude thats increases upon lowering the temperature
The value of M axMumin)/Mmin for Lag &Cay MnO5 exhibits from 3OQ to about 150 K, while it slightly decreases upon
other trend at low temperaturésee Fig. 4—the data of the decreasing temperatures'EaKTCll. It should pe noted that
magnetization were taken from Ref.)1Fhe angular depen- &t low temperaturesT<70K in small bias currents
dence of the magnetization of 4&Ca, ;MnO; (Ref. 15 was (<1 mA) the resistivity of PygCa ,MnQO; is too high to be

measured in a magnetic field f=1kOe, because mag- measured, see Fig. 5 and Ref. 13. For higher bias currents

netic fields of~10 kOe suppress completely such a depen-(>10 mA) the resistance of PiCa,MnO, crystal is

dence. The much stronger anisotropy of the magnetic inte/Strongly depressed and saturates at decreasing température.

T . At these currents a slight anomaly of the resistiR{T) was
action in (100 plane found in RygCaMnO; may be_ observed around 50 K, presumably linked to the ferromag-
attributed to the more pronounced orthorhombic dlstortlon§1(a,[iC Pr ordering? In inhomogeneous materials, because of
in PCMO in comparison to La ,CaMnO; lattices. The : ’

. ; . the rather random distribution of M and Mrf™ ions, the
spontaneous orthorhombic strain definedsby2(b—a)/(b  pg gperates in spatially distinct disordered regions of the
+a), is s=0.0377 ands=0.0646 at room temperature for

24 ) sample. These regions with mobile carriers at decreasing
parent compounds LaMnOand PrMnQ,<" respectively.

. . } . . . h temperature are more and more interrupted by tunnel-type
Higher lattice distortions in PrMnQin so-calledO’ ortho-

) - weak links associated with twin boundaries of single crystal-
rhombic structure ¢/v2<<a<b), are characterized by stron- |ise samplé*3°and the Pr ordering will only slightly affect

ger JT interactions and higher Jahn-Telldi;f) transition e tunneling conductivity.

temperatures, respectively. In fact, the parent compound The dynamic resistand®, exhibits a negative magnetore-
LaMnO; undergoes a structural phase transition Taf  sistance(MR) effect, a characteristic feature of magnetic

N 25 ; H . . .
~750 K,” above which the OO disappears. For PrMN®  gsemjiconductors, where the band structure is spin dependent
similar transition takes place at about 1056%The evalua-  and two subbands are found for the majorispin directed

tion of s for La, _,CaMnO; crystals™*’shows that it ranges  parallel to the magnetizatiomnd minority(spin antiparallel
from $=0.0014 forx=0.18 t0s=0.00001 forx=0.22 and  to the magnetizationcarriers. A magnetic field pushes down
these crystals belong rather to a quasicubic ph@se  the bottom of the spin-up subband and as a consequence the
(c/v2~a~b). On the other hand, the value of for  gap between conduction and valence bands decreases, result-
Pry.eCa ,MnO; (Refs. 5, 18 is 0.0206 at room temperature ing in a lowering of resistance. In low doped,LaCaMnO;
ands=0.0233 atT=10 K. This means that at this level of (x=0.18, 0.2 and in the range of moderate magnetic field
the Ca doping a strong enough orthorhombic distortions ofup to 10 kO¢ a positive MR was observéd'’ below T .
perovskite structure still retain. Using the local-spin-densityThis effect may occur only in a predominantly FMI ground
approximation method Solovyeat al?” have shown that JT state with SE interactions. Negative magnetoresistance is
lattice distortions play a crucial role in the formation of mag- rather a hallmark of the DE interactions in manganites and
netocrystalline anisotropy, as well as in the anisotropic anghresumably reflects the presence of FMM regions in the
isotropic exchange interactions of perovskite manganites. Ipredominantly ferromagnetic insulating matrix of a
PCMO the Pr moments couple with Mn spins and may bePr, {Ca, ;MnO; sample.

very essential to the physical properties at low temperatures. Modest electric current/field applied to charge-ordered
It was suggestéd that Pr spins dominate the low tempera- manganites may lead to a metal-insulator transition and a
ture thermodynamics of p#Ca ;MnO; and exhibits a soft prominent nonlinearity of voltage-current characteristics. In
spin wave spectrum relative to other FM perovskite mangathe case of the FMI ground state the nature of the interaction
nites. The very low values of spin-wave stiffneBswere  between current and magnetic moments may be much more
observed in RyCaMn0;,2® D~25+2meVA? and complicated. An applied current may affect the dynamic re-
Pl §Ca,MnO;,'> D~15+3 meV A%, It is supposed that sistanceRy, and in our case such an effect increases strongly
the coupling between the Mn and the Pr moments having awith decreasing temperature, see Figs. 5, 7. Let us discuss
easy axis alongl00 direction leads to an increment of the the possible reasons of such a behavior. Orbital ordering may
magnetic anisotropy ak<T.,, see Fig. 4. give rise not only to magnetic anisotropy of,BC& ,MnO;

As noted previously, the resistivity shows an insulatingbut also to a strong localization effect. An electric current/
behavior in the whole temperature range of our measurefield may thus induce a local electrical moment in MnO
ments, though a marked drop in the activation energy is seeoctahedra by modifying the spatial distribution of their
below T¢;, see Fig. 5. Such a behavior is a characteristiccharges and suppressing the JT local distortion, thereby lead-
feature of magnetic semiconductors, where the activation ering to delocalization effects. According to Tokura and
ergy depends strongly on the long-range magnetic éfder. Nagaos& the electric field may directly affect the direc-
Additional source for such drop in the, may presumably tional order of the orbital, when the compound is insulating
be associated with anomalies of taeandb lattice param- enough, and alter the magnetic state. Such features were ob-
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served in Py4Ca, MnOs crystal in the present work and also absorptiof® and(c) the formation of so called spifor clus-

in Refs. 13, 14. Another mechanism for current driven supier) glass state, for which some magnetic moments become
pression of resistivity may be associated with condensate effrozen” and “invisible” at higher frequencies, as has been
fects of charge density wavéSDW's) or spin density waves earlier observed by measurements of ac susceptiBflity.
(SDW's). Recently, Kida and TonoucKihave found spec- Magnetization data for this sample demonstrate that, for all
troscopic evidence of CDW condensate in charge-orderelfmperature§ <Tc,, the total volume of FM phase&MI

Pr, Ca, MnOs, which arises due to quasi-one-dimensiona/@"d FMM remains practically unchanged. On the other
CO and 0O. A characteristic feature of CDW systems is and, a considerable splitting between FC and ZFC curves

rising of nonlinear conduction and sudden motion of CDW elow Tcy (sge Fig. ], indicates the existence of a _spin/
(CDW depinning,®® when electric current/field exceeds cluster-glass-like state. Thus, only thig and (c) scenarios

some threshold value. Similar behavior was obseivéat should be taken into account. Within the temperature range

<T< i i i
charge ordered Pr,CaMnOs; (0.3<x<0.4) samples. In 120 K<T<T¢; the FMM phase is the main contributor to

. the EMR signal. This signal sharply decreases in intensity
the case of RrgCa MnOs, a sharp decrease of the dynamic and shifts rapidly toward zerbl at low temperatures. AT

rgsistancg is seen even for small electric currgr!t/field, Se€ 120 K some part of the resonant FMM absorption plausi-
Fig. 7. It is worth noting that SDW systems exhibit a muchpy t,rns to a non-resonant one, which causes the reduction
lower spin gap~10 meV, in comparison with CDW Sys- of the integral intensity of the entire EMR spectrum. How-
tems, where the single-particle excitation is characterized bgyer, there are several temperature points upon approaching
a gap of ~100 meV> Therefore, nonlinear transport in T, where most of the FMM signal remains within the
SDW systems may occur at low values of applied currentintegration interval. Since the DIN reduction was also ob-
field. Goodenougﬁ has pointed out that for ferromagnetism served at these poinfsee Fig. 108)] one may conclude that
mediated by SE interactions, the SDW state may be stabthe spin/cluster glass effect also plays an important role in
lized, if the intraatomic electron-electron interactions are nothe DIN reduction observed.
strong enough to remove completely the spin degeneracy of The temperature dependencespfreflect changes in the
the band. magnetic anisotropy. The absolute value of the EMR signal
EMR spectra of the BgCa ,MnO; sample clearly dem- shift from its g=2 position is proportional to the ratio of
onstrate that the magnetic state is phase separated consistigffective constant of the corresponding magnetocrystalline
of two distinguished magnetic phases. Comparing with EMRanisotropy to magnetization. With decreasing temperature
and p(T) data, obtained on a similar hgCa gMNO;  the FMI phase EMR signal shifts toward high fields—see
samplet’ one may conclude that the high field EMR signal, Fig. 9. However, within the investigated temperature region,
observed af' =116 K [see Fig. &)] belongs to FMI phase, the magnetization remains practically unchanged. Thus one
which exhibits a certain strong magnetocrystalline anisotcan suppose that the magnetic anisotropy of the FMI phase
ropy. Another fast growing EMR signal, which shifts from increases upon decreasing temperatures. The same conclu-
zero fields with increasing temperature and becomes obsergion may be drawn for the FMM phase, where shift of the
able atT>120K, resembles EMR signals previously ob- FMR line vs temperature also reflects the change of its mag-
served in homogeneous FMM manganites. This signal mapetic anisotropy parameter—see Fig. 9. The above conclu-
be attributed to the FMM phase chracterized by uniaxialsions are in line with the results of magnetic measurements,
magntic anisotropy. It is worth mentioning here that EMR given in Fig. 4.
reveals the presence of the PS (FMEIMM) magnetic state In summary, a number of experiments involving measure-
at temperatures up te-1.1T.;. The asymmetry of EMR ments of electrical resistance, magnetization and EMR were
signals disappears @t~1.2T;. Only above these tempera- employed in our study of magnetic and transport properties
tures can the sample be considered as having no long rangé Pry¢Ca ,MnO; crystal. Two ferromagnetic transitions
magnetic ordering at all. The signal intensity aboveTs2  were observed affc;~130 K and T¢,~60 K, designate
obeys Arrhenius behavior with two different activation ener-long range ordering of Mn and Pr spins, respectively. Both
gies, alternating al ~200 K—see Fig. 1(). One may as- of transitions demonstrates an opposite noticeable pres-
sume that atT~200K the magnetic interactions in sure coefficient dTc,/dP~0.24 K/kbar and dTc,/dP
Mn®*-Mn** undergo a change. Moreover, the effectiye ~—0.75 K/kbar. The angular dependence of the magnetiza-
factor of the singlet Lorentzian line, which, far aboVe,,  tion in the (110 plane exhibits a twofold symmetry anisot-
indicates the strength of internal magnetic fields acting orfopy. The anisotropy fieldH, in (100 plane increases ap-
the PM entity, starts leveling off above 220 K. proximately linearly at decreasing temperatures and
Let us discuss the unusual sharp drop of DIN belgyy,, approaches approximately a value of 12 kO€eT &t80 K. A
where the magnetization saturates rapidly slightly beTow  rise of the anisotropy field under pressure has been observed
(see above The DIN is proportional to the relative amount as well. The resistivityp(T) obeys the Arrhenius law at
of the corresponding magnetic phase within the sample’d40 K<T=2300 K with an activation energi,=130 meV,
volume and to its high frequency magnetic susceptibility.while below T, E;=60 meV. The change in the activation
Therefore, the sharp reduction of DIN by decreasinmay  energy is presumably associated with the transformation of
arise because @f) a reduction in the actual amount of mag- phonon spectra and band structure attributed to the anoma-
netic phase(b) a shift of the EMR signal towards zero field, lies of lattice parameters, nedic;. The MR vs magnetic
i.e., an appearance of a nonresonant FMR microwavéield dependence changes from a bell-shaped fornT at
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>Tc, to an almost linear dependence BtiT¢;, and ap-  two activation energies, alternating @it-200 K. Possible
proaches a maximal value of about 25% n@as for H  mechanisms, such as the destabilization of the OO and the
=14.5k0e. The dynamic resistivitRy exhibits a pro- motion of charge/spin density wave condensate for current
nounced dependence on a bias current above and Belpw  induced suppression of the dynamic resistance in the ferro-
For example, a bias current of 1Q0A at T=150K de- magnetic state are discussed.

creaseRy by 10%. The application of such a currentTat
=90 K results in a fourfold reduction of th,. A higher
magnetic anisotropy and localization effects occur in the
ProCa MnO; single crystal with respect to This research was supported by the Israeli Science Foun-
La; -,CaMnO; crystals having a similar level of doping. dation administered by the Israel Academy of Sciences and
This may be attributed to higher orthorhombic strain and toHumanities (Grant No. 209/0L Additional support was
the formation of an orbital ordered state. EMR provides thegiven by the European CommunitiProgram No. ICA1-CT-
most clear cut indication on phase separation in2000-70018, Center of Excellence CELDISVe thank Dr.

Pry Ca& ,MnO;: below T4 two resonance lines assigned to Mogilyansky for x-ray measurements of our single crystal.
FMI and FMM phases are clearly observed. The EMR signalAssistance with magnetic measurements offered by Dr.
intensity above 1.2, follows the Arrhenius equation with Tsindlekht is greatly appreciated.
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