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Magnetic-field-induced metal-insulator phenomena in Py_,Ca,MnO4
with controlled charge-ordering instability
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Field-induced insulator-to-metal transitions have been found,in,@ra MnO; (0.3<x=<0.5) single crystals,
which are accompanied by a melting of the insulating charge-ordgeed M /Mn*" ordered state. The
transition is of the first order with a hysteresis and is even irreversible at low temperaturesdépendent
metal-insulator phase diagrams in tHeT plane indicate that a deviation ®ffrom 0.5 modifies the robustness
of the charge-ordering state, which is argued in terms of the effect of discommensuration of the charge
concentration on the charge-ordered state.

In narrow-band systems, such ad Bansition-metal ox- accord with results in the literatufeThe electron-probe
ides, the correlation among the charge carriers brings a comiicroanalysiSEPMA) indicated a nearly identical composi-
siderable modification of the electronic properties. In addition with a prescribed one for each crystal.
tion to the well-known case of the Mott-Hubbard insulator, Figure 1 shows the electronic phase diagrams of
the real-space ordering of charge carriegsarge ordering  Pr,_,CaMnO; crystal (right) and, for comparison, that of
in a crystal is one of the representative phenomena as a resg; _,Sr,MnO; crystal (left) (Refs. 9 and 10 which is a
of the predominant Coulomb interaction over the kinetic en-prototypical double exchange ferromagnet without charge-
ergy of the charge carriers. Such a charge-ordering phenonerdering instability. The phase diagram of; PfCaMnO;
enon has been observed mostly when the concentration dfas been determined by measurements of the resistivity,
charge carriers takes a rational value of the periodicity of thenagnetization, and neutron diffractiéhin La; _,Sr,MnO;

crystal lattice!™ In addition to the correlation strength the ferromagneti¢fm) metallic state becomes prevailing for
among the charge carriers, the commensurability of the car-

rier concentration with a periodicity of the crystal lattice is 400

400 —————————
thus related to the robustness of the charge-ordered state. 350 oL PriCa,MnO; |
In this paper, we describe the metal-insulator phenomenon

induced by a magnetic field in the hole-doped perovskite- ) 300 ) 300 - - 1
type manganese oxide PrCaMnO; (0.3=x=<0.5. The o 250 D 250 Teo 4
observed features are relevant to the real-space ordering of = 3 r

. . : = 200 = 200+ ¢ COlL
1:1 Mn**/Mn*" species accompanying a lattice structural —§ 5 T
change and to the magnetic-field-induced melting of such a & 150 g 1501 T om -
“charge crystal” state. Although the charge-ordering phe- & 100 e ol T R AFI |
nomenon is optimized at=3, a deviation ofx from 3 (i.e., © [\S{S
discommensuration weakens the charge-ordered state, 301 T sof- cr; HI § 5
which manifests itself as the critically-dependent metal- ol v ol i L AF
insulator phenomenon under a magnetic field. Since the con- 0 01 02 03 04 05 0 01 02 03 04 05
duction carriers are strongly coupled with the local spins in X X

terms of double-exchange interactiti the resistive state is FIG. 1. The maanetic as well as electronic phase diagrams of
strongly affected by the local spin state and can be controllep_l - 9 ectronic p 9

o a;_,Sr,MnO; (Refs. 9 and 1P(left), which is cited from Ref. 10,
to some extent by an external magnetic field.

. and Py_,CaMnO; (right). The PI, PM, and CI denote the para-
Slngtl)e (r:1rys1:i[als_ of ELXC@N;]”C? (S'KXSOI'S) WeLe magnetic insulating, paramagnetic metallic, and canted insulating
grown by the floating-zone method. The crystal growt Wasstates, respectively. The Fl and FM denote the fm insulating and

pgrformed in a 100% Oatmosphere at a rate Of_ 3_5 mm/h fm metallic states, respectivelfi: and Ty denote the fm Curie
with rotation of the seed and feed rods in opposite directions,ng afm Nel temperatures, respectively. For €8<0.5 in

The middle part of the rod was cut out and characterized by, caMnO,, the afm insulatingAF1) state exists in the charge-
the x-ray Laue and neutron-diffraction measurements, whiclyrdered insulatingCOI) phase T¢o and Ty denote the charge or-
confirmed the formation of single crystals. The x-ray powderdering and afm transition temperatures, respectively. The magnetic
analysis indicated that all the samples were in a single phasgate forTy<T<Tcg is paramagnetic. The canted afm insulating
with the orthorhombically distorted perovskite lattice. The (CAFI) state also shows up below the AFI state in the COI phase
orthorhombic distortion was observed to decrease with 0.3<x=<0.4. T, denotes the canted afm transition temperature.
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x>0.172° Such an appearance of the fm metallic state with

an increase irx (Ref. 12 has been described by the double i 1045
exchange theory.’ Recent investigations on the magne-
totransport properfy*® have shown that the large negative =~ — [
magnetoresistand®R) is observed around the fm transition g 102;' 102;
temperature. The application of an external magnetic field T F E
reduces the spin scattering in conduction carriéshich is E 10°F 10°k
expected to be most pronounced around the Curie tempera- -2 r i
ture Tc, and hence causes a large negative MR as observed. « N .

On the contrary, a more complex feature appears in the 10 ] 15T 10 ;
phase diagram of Pr,CaMnOs;: the 1:1 ordering of 3 1 12T 2
Mn®**and Mrf* species(charge ordering takes place at 10%E NPT ST s I
Tco~230 K for x=0.31° The charge-ordering transition ac- 0 Terlnopgramzrgo[m 300 0 Tellr?[?erau%r(c)eo[K] 300

companied by a chang@.6—-2.4 % in lattice parameters is
followed by the antiferromagneti@fm) and canted afm or- S
dering at lower temperaturés<T.c).!® By contrast, the fm ™
phase appears at low temperatures for<Z0.3, though
the resistivity remains semiconducting even beldw. In
general, the cations with smaller ionic radii iR,@) sites of
R;_,AMnO; cause a larger alternating tilting of the MpO
octahedra in a distorted perovskite crystaf the GdFeQ
type) and then a one-electron bandwidth is reduced in a
distortion-dependent mann¥r.In the crystal with the re-
duced one-electron bandwidth, the charge-ordered state tends 10'2;'
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to show up as observed in LaCaMnO; (x~3)’ E 1 :

Pry,Sr,,Mn05,181° Nd, ,Sr;,Mn0,%° and also in the ot e

present Pr_,CaMnO; crystal®® The charge-ordered state 0 100 200 300 0 100 200 300
Temperature [K] Temperature [K]

is expected to be most stabilized when the nominal hole
concentration X) takes a commensurate value with the
lattice periodicity (x=% in the present cage In
Pr,_,CaMnO;, however, the charge ordering with the
(7r,m,0) pattern occurs even fox=0.3 significantly away
from 0.512 The charge and spin ordering for 88<0.75 is
basically represented by their af@E-type'’ structure of that a charge-ordered state collapses at low temperatures
Pry <Ca MnO;,*° where Mt and Mt are arranged alter- even in case the charge-ordering transition once takes place
natively within the(001) plane, i.e., with thés,7,0) pattern,  at a higher temperature.
and the magnetic lattice is expanded tX#4x2 in the A further variation withx appears under 12 T. Far=0.5
pseudocubic setting. the p-T curve is metallic at high temperatures, but still
Figure 2 shows the temperature dependence of resistivitghows a jump at 160 K, perhaps corresponding to the onset
(p-T curve for Pr,_,CaMnO; (x=0.5, 0.4, 0.35, and 0)3 of the charge ordering and the semiconducting behavior per-
crystals in the absence of a magnetic field and under magsists down toT=0, On the contrary, fox=0.4 and 0.35 a
netic fields of 6 and 12 T. The zero-field resistivity is insu- trace of charge ordering is completely removed from the re-
lating for all thex values: Thep-T curves forx=0.5, 0.4, sistivity curve and the metallic conduction continues down to
and 0.35 show a distinct increase around 220-230 K and th#ow temperatures. Such versatile metal-insulator behaviors as
for x=0.3 shows a small but discernible change in the slop@bserved in Fig. 2 imply that the deviation gffrom 0.5
around 200 K, which are all corresponding to the onset oplays an important role for a melting of the charge-ordered
charge ordering. Ax increases toward 0.5, the resistivity state from a low-temperature side.
anomaly due to the onset of charge ordering becomes clearer. To quantify the observed metal-insulator phenomenon, the
Although the charge ordering for=0.3 is barely observed isothermal MR was measured for these crystals. Figure 3
as the small anomaly in the resistivity, a superlattice structurexemplifies typical traces of the-H curves forx=0.35. As
has been confirmed below200 K as further evidence for shown here, the application of a magnetic field causes the
the charge ordering by neutron-diffraction measurentent.  transition from the charge-ordered to metallic state with a
Application of a magnetic field drastically modifies such temperature-dependent hysteresis. Note that a change of the
an insulating charge-orderg@nd in some cases magneti- resistivity upon the field-induced transition exceeds several
cally ordered state. Let us first see the variation pfT  orders of magnitude, in particular, more than ten orders of
curves withx under 6 T. Foix=0.5 the charge-ordering tem- magnitude at temperatures below 30 K. Furthermore, the
perature becomes lower than that under zero field and thieysteresis is pronounced with a decrease in temperature and
resistivity remains insulating down =0. Forx=0.4, 0.35, it becomes so large, e.g., at 4.2 K, that in the field-decreasing
and 0.3 a similar behavior of oo is seen. However, they process the resistivity no longer recovers to the insulating
show a large resistivity drop by several orders of magnitudestate. In accord with the metal-insulator phenomenaop- i
at some critical temperatu®elow 100 K}, which indicates curves, theM-H curve measurements at 30 K showed the

FIG. 2. The temperature dependence of resistivity under
moH=0, 6, and 12 T for Br_,CaMnO; (x=0.5, 0.4, 0.35, and 0)3
crystals. The resistivity was measured in a field cooliRG) run.
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metamagneticlike transition from the canted afm to fm state FIG. 4. The phase diagrams in the magnetic-field—temperature
at ~5 T and vice versa at2 T in the field-increasing and Plane for the Pr_,CaMnO; (x=0.5, 0.4, 0.35, and 0)3The tran-
-decreasing runs, respectively, as indicated on the upper agL.tion from charge-orde?red to not charge-ordered phase is denoted
scissa of Fig. 3. Such a resistive transition associated witWith open squares while that from not charge-ordered to charge-
the magnetic transition from a canted afm to fm state seem@'dered phase is denoted with closed ones. These phase boundaries
to be well in accord with the description of the double- Were determined by the isothermal magnetoresistésieares as
exchange modé!! in which the spin-dependent transfe) ( well as by the resistivity measurements under magnetic fieid
between the neighboring sites is expresset-agcogAd/2), angles. The transition magnetic field in the isothermal magnetore-

whereAgis a relative anale of the local spins and. is the sistance measurements is defined as that when the resistivity be-
. . 9 - 8219 P 0 comes 10 Q cm. The hysteresis is expressed as the hatched area.
transfer in a fully spin-polarized state.

- . . Zero-field critical temperatures for afm and canted afm transitions
Figure 4 shows the thus-obtained phase diagrams fof . Jiso indicated.

x=0.5, 0.4, 0.35, and 0.3. The hysteretic region is shown by
the hatched area. In the case 0.5 where the carrier uted to the traversal of the field-coolir§C) run from the
concentration is commensurate, the charge-ordering phasharge-ordered to metallic phase, which is originated from
persists down td@ =0 at least forugH=<12 T. In the case of the invasion of the metallic phase in the low-temperature
x=0.4, 0.35, and 0.3, on the other hand, the discommensuegion. In the case of the FC process at 12 Txe10.4 and
ration makes the phase boundary shift toward low fields, a8.35, no trace of charge ordering is seen since the route is out
shown in Fig. 4, which is pronounced for the lower- of the corresponding charge-ordered phase.
temperature region. As another noteworthy aspect of the When a nominal carrier concentration is away from
phase diagram fax=0.4, 0.35, and 0.3, the hysteresis growsx=0.5, the afm structure of the charge-ordered state seems to
with a decrease in temperatuespecially below 20 K Such  be modified in a criticallyx-dependent manner. Whenre-
a tailing behavior of the phase boundaries towardd may  duces from 0.5 to 0.3, as an earlier neutron-diffraction study
be accounted for in terms of a decrease of the thermal fludaas indicated® the spin arrangement within theb plane
tuation effect on the first-order phase transittrNamely,  preserves th€E-type feature but that along thedirection
the transition of the metastable stéeg., field-induced me- changes from antiparallel to parallel. Such xadependent
tallic state is difficult or needs a higher field in case the afm structure has been discusSeih terms of the double-
thermal energy is much less than the potential barrier. exchange interaction along thedirection mediated by the

At this stage, the variations @f-T curves withx as well  extra electrons, the concentration of whichjs-x)/Mn site
as with a magnetic field in Fig. 2 are clearly understood inand measures the degree of the discommensuration. Another
terms of the present metal-insulator phase diagram in theonsequence of discommensuration is that the canted afm
magnetic-field—temperatureH¢T) plane. The insulator- staté! positions lower than the afm state for €:8<0.5, as
metal transition was caused from a low-temperature sidshown in the right panel of Fig. 1. The canting transition
with increase of field fox=0.4, 0.35, and 0.3. This is attrib- temperature decreases wiktlapproaching 0.5 and as a result
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the spontaneous magnetizatidrba in thecanted afm state, Mn3":Mn*" species makes the phase boundary shift toward
which was estimated by extrapolating thé-H curve (1  low fields, which is pronounced in a lower-temperature re-
T<ugH<3 T) toward uoH=0, decreases witlx, about gion. As a result, the magnetic-field-induced insulator-to-
1.7ug/Mn site for x=0.3, 0.24g/Mn site for x=0.4. Such metal transition is observed to take place irreversibly at low
critically x-dependent afm and spin-canting structures seerfemperatures with a resistivity drop of more than several or-
to be related with the invasion of the metallic phase towardiers of magnitude, which may be viewed as a different sort
low fields in the low-temperature region fer=0.4, 0.35, and ~ Of colossal MR phenomenon.

0.3, as shown in Fig. 4. . The authors would like to thank H. Kawano and H.
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