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Insulator—metal transitions in Pr  ,CagysMnO; induced by a magnetic field

J. Barratt, M. R. Lees, G. Balakrishnan, and D. McK Paul®
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

(Received 3 July 1995; accepted for publication 5 November 11995

A magnetic field induced insulator to metal transition has been observed in both polycrystalline and
single crystals samples of PCa, sMnO;. Application of a magnetic field leads to a first-order
phase transition from an insulating to a conducting state at low temperatures. The hysteresis
associated with this transition allows the resistivityl& to bevaried by more than eight orders of
magnitude depending on the field history of the sample.19®6 American Institute of Physics.
[S0003-695(196)01303-9

Rare-earth(RE) manganites when doped with divalent temperature for the AFM and FM contributiprfor x=0.4.
ions on the RE site exhibit a wide range of magnetic andOur single crystal studies of the ac susceptibility %6+0.3
structural transitions as a function of temperature whichclearly show anomalies at both temperatures and the mag-
themselves lead to large changes in conductivity. When aetic ordering in this material would be better described as
magnetic field is applied to such a material the conductivitycollinear antiferromangnetism below 130 K with a transition
may be further enhanced producing a giant negative magnee a canted FM structure below 115 K.
toresistancéMR) effect. This letter describes our recent in- A complete description of our experimental studies
vestigations of the Rr,CaMnO; system and concentrates across the entire Pr,CaMnO; system will be published
on the particular composition=0.3 where an interesting elsewhere. In this letter we shall concentrate on the unusual
series of insulator to metal transitions can be induced by bottransport properties of the=0.3 samples.
the application of a magnetic field at constant temperature The samples we have investigated were prepared by a
and cooling in the presence of a magnetic field. The hysterstandard ceramic processing route using base oxides as start-
esis which is prevalent at such transitions is sufficiently largeng materials. All samples were reacted and sintered in air.
to allow us to change the conductivity in zero applied fieldNo attempt has yet been made to optimize the oxygen sto-
by more than eight orders of magnitude. This material apichiometry. Single crystals were grown using an infrared im-
pears to be unusual in adopting a high conductivity state aige furnace from the polycrystalline rods. Large single crys-
low temperatures after the application of a magnetic field. tals of volume~0.5 cc were readily produced using this

The magnetic properties of Pr,CaMnO; materials®  method. The polycrystalline and single crystal samples were
at low temperatures are determined by ordering of theharacterized by x-ray diffraction, magnetic susceptibility,
Mn3®*/Mn** ions, intra- and inter-Mn exchange interactions and resistivity studies. Reproducibility in all these character-
and by the structural distortions produced by the smaller diization measurements was found for nominally identical ma-
valent ions. PrMn@has an antiferromagneti&éFM) ground  terials and across the range of manufactured compositions.
state. With Ca doping, a ferromagnetieM) ground state  The resistivity measurements were made using a standard
develops forx=0.2. Hole doping also markedly reduces thefour probe technique; a maximum resistance~010°
orthorhombic—orthorhombic structural transition temperaturould be measured.
which is associated with a cooperative ordering of the dis-  Figure 1 presents a series of resistivity versus magnetic
torted manganese octahedra and occurs in the doping range|d scans at several temperatures for a polycrystalline
up tox=0.31 Chargef/orbital ordering of the Mn ions occurs sample of Pg;Ca 3MnO 3. Samples cooled from 250 K in
over a wide composition range from &3<0.75 with an  zero magnetic field and then cycled in applied fields of up to
ordering temperature of-250 K. This charge ordering is g8 T show very peculiar behavior. For a zero field cooled
accompanied by a crystallographic transition from an orthosample(zFC) the resistance of the sample exceeds our mea-
rhombic to tetragonal structure. AFM ordering is observed akrement limit between 50 and 4 K. On applying a magnetic
175 K for x=0.5 while canted magnetic structures arefie|d g 4 K the resistivity drops rapidly at 5.5 T by more than
present for higher and lower Ca dopifg=0.4 and 0.6 The  seven orders of magnitude within 0.5 T; a more gradual de-
x=0.3 composition is of particular interest since it lies on thegrease by an additional two orders of magnitude occurs on
boundary of a charge ordered state and is influenced by g ther increasing the magnetic field from 6 to 8 T. When the
range of magnetic interactions together with structural instasje|q is swept back to zero there is only a slight increase in
bilitiee. In a neutron powder diffraction experiment AFM' resistivity (x2) from the high field value induced by the
ordering was observed to arise at 1320 K while a FM contri-initia| field sweep. The resulting conducting state is meta-
bution becomes evident below 115°KThis was initially  gtaple and this sample can only be returned to its previous
assigned to mixed phase beha\_/lor given the FM behavior fogahavior by annealing at high temperatu(e<L50 K). This
x=0.2 and the canted magnetisiiout with identical onset pepavior would suggest that there is a first-order transition
from an insulating state to a conducting state induced by an
dElectronic mail: phrie@csv.warwick.ac.uk applied magnetic field of 5.5 T. Certainlyt 4 K such an
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the decreasing field cycle. At high and low temperatures the resistivity is reversible.
The temperature at which reversible behavior is maintained

T, . ) at high temperatures varies as a function of applied magnetic
applied field is required to manufacture a “metallic” state, field: in a field of 8 T this temperature is150 K, but de-
but once created such a state can exist without the presengf,aqes t0-80 K in 3 T.
of the magnetic field. When a similar field sweep is applied ¢ js opyious from the above results that the state of the
to a ZFC sample at 50 K the transition from an insulating 0.,y ctivity in this material is very dependent on the tem-
a metallic state occurs at 4.0 T and is more rounded thaeratyre and magnetic field history of the sample. Both tem-
observed at lower temperatures. On decreasing the magn?B%rature and magnetic field are important variables for deter-
field the sample attempts to regain its ZFC state; the réSiShining or destroying the low temperature/high magnetic
tivity rises as the field is reduced, but only a small fraction offig|q “metallic’ state. From our low temperature data, it
the original resistivity returns. At 90 K the resistivity falls geems likely that there is a phase transition of some sort
with increasing magnetic field but there is no discontinuity in(structural, magnetic, electroniovhich frees some current
the resistance at any field. A small amount of hysteresis igarriers or drastically increases the mobility of existing car-
still present at high fields but he resistivity almost regains itsriers. Once this conducting state is created it is metastable
original value on reducing the field. At higher temperatures aand persists after the removal of the applied field.

Magnetic Field (Tesla)

negative MR still existge.g., AR/RO) of 95.7% at 8 T and There are a number of systems which exhibit unusual
127 K] but reversple beha-wor is observed and the changefagnetotransport properties. In the;LaSr,MnO; system
are much smaller in magnitude. there is also a large degree of interplay between structural

Figure 2 presents some of our collected data for teminstability, magnetic interactions, and large changes in the
perature cycling experiments in various applied magneti¢onductivity of the compound. By an appropriate choice of
fields. ZFC runs show thermally activated conductivity for composition it is possible to arrange for these structural and
all temperatures from room temperature to 50 K. Cooling themagnetic transitions to be situated near room temperature.
sample from high temperatuf®00 K) in an applied mag- For example, forx=0.175 the system has a rhombohedral
netic field produces similar changes in conductivity, but thestructure at high temperature which becomes orthorhombic
onset of a high conductivity state occurs at different points inaround 285 K. The structural transition can be driven by the
the magnetic field-temperature phase spacté K the resis-  application of external magnetic fiefdat fixed temperature
tivity can be forced to vary by at least eight orders of mag-this structural switching is irreversible and produces small
nitude depending on the field imposed. In fields of less tharrreversible changes in the magnitude of the zero field con-
2 T the resistivity &84 K is beyond our measurement limit. ductivity. The system orders ferromagnetically below 270 K.
Cooling in a field of 3 T produces a maximum resistivity at The temperature dependence of the resistivity shows acti-
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vated behavior at high temperature and the resistivity falls byhe internal magnetic field or by the application of an exter-
three orders of magnitude aroufid and is metallic at low nal magnetic field. Such fields delocalize the trapped elec-
temperatures. Application of an external magnetic fieldirons and produce a marked increase in carrier mobility. In
around T, produces a large negative MR, which has beerall cases the carrier concentrations densities5x 10°
described as a nonmetal-metal transifitfowever, there is cm2 are some two orders of magnitude lower than those
only a moderate, monotonic decrease in the resistivity as thexpected for the manganite systems. Again there is little or
field is increased unlike the discontinuous change observedo hysteresis reported for these changes in conductivity. The
at low temperatures in the £Ca MnO; compound. The zero field conductivity is independent of the magnetic history
MR is also reversible. The zero field scans of Ref. 4 re-of the sample.
semble our high field data presented in Fig. 2 However, the The large negative MR in the manganites is usually as-
magnitude of the field induced effects reported here dwarvesociated with forced alignment of the canted magnetic mo-
those observed for the La system since we are coming frooments and a net reduction in the scattering or the charge
an insulating state. In addition we find a higher resistivity carriers leading to an increase in conductivity. These elec-
maximum on a cooling run rather than for a heating cycletronic effects are also strongly influenced, and may them-
this effect is reversed in the La manganite samples. selves influence, the structural arrangement of the ions,
Recently Tomiokaet al® have reported on the magnetic hence the possibility of field induced structural phase transi-
and transport properties of 5, sMnO5. Although similar  tions. It is probably not by chance that the enhancements in
in composition to the system discussed here, the propertighe conductivity we have described are associated with a
of this material and the phenomena observed are quite ditomposition ofx=0.3, since this material lies on a boundary
ferent. At high temperatures 51, gMnO; shows metallic  between canted magnetism and ferromagnetism together
behavior and is ferromagnetically ordered. On cooling therevith a change in the structural properties at low tempera-
is a first order phase transition at 140 K into a charge orderetlres. The enormous changes in conductivity we observe in
AFM state. Application of a magnetic field shifts this this material probably requires some large change in the
nonmetal—metal transition to progressively lower temperamagnetic or structural properties in an applied magnetic
tures and for fields greater than 7 T the material remaindield, such as a metamagnetic phase transition or a magneto-
metallic down to 0 K.M versusH and p versusH curves  structural rearrangement which will alter the electronic
show that forT<<140 K there is a critical magnetic field in states. It is likely that the mobile charge carriers are not
which a metamagnetic-like transition from an AFM to a FM simple holes but a more complicated species involving holes
state occurs together with a change in the conductivity. Therdressed with a series of magnetic and structural excitations.
is a small degree of hysteresis associated with this transition, The novel phenomenon observed fog &, ;MnO; re-
but the system always returns to the charge ordered state flects an unusual insulator—metal phase transition where a
zero field. In addition the overall changes in the magnitudemagnetic field is required to force the changes in conductiv-
of the resistivity are relatively smaill0"? Qcm in 0 T to ity. Unusually, the ground state is more conducting than at
10~* Q cm in a field of 7 7. higher temperatures. The hysteresis associated with the tran-
The magnitude of the changes in conductivity observedition is pronounced and allows metastable high conductivity
in this work are more reminiscent of metal—insulator transi-states to be established in zero applied field.
tions in materials such as,®,.° However an applied mag- Note added in proofWe have recently become aware of
netic field is required to drive the transition, and the ground-a paper by Tomiokat al® on Pr,_,CaMnOs, which con-
state has the high conductivity. There are also a number dhins results similar to those presented in this letter.
RE semiconductor systems, such as EaBd EuSé& which
exhibit a large negative MR at low temperatures. For EuO, in
Z€ero magnetic field, a FM tran_Sition at _70 Kis accompamedlE. Pollert, S. Krupicka, and E. Kuzmicova, J. Phys. Chem. Sdi&i4137
by a 14 orders of magnitude increase in the conductivity of (1982,
the material. The activated behavior observed at high tem?J. Jirak, S. Krupicka, Z. Somsa, M. Dlouha, and S. Vratislav, J. Magn.
peratures gives way to a metallic state at low temperatures,Magn- Mater53, 153(1985. .
. . L . . . “A. Asamitsu, Y. Moritomo, Y. Tomioka, T. Arima, and Y. Tokura, Nature
An increase in conductivity by six orders of magnitude is 373 407(1995.
observed around’; with the application of a magnetic field. 4y. Tokura, A. Urusibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido,
In the case of EuSe a small negative MR is reported at high5$nchl>\ln'1iEl|:;m(§W:’s;nZ?sf' \?OKA éﬁg}r%gsﬁ(lsjﬁéhara Y. Tokura
tem_perature$AR/RO) of 5% at 15_ T and 297 ]K_Thl_s is P'hys' Rev. Lett74, 5108(1995. o : : :
attributed to a decrease in spin disorder scattering in a MesN. F. Mott, MetaInsulator Transition (Taylor and Francis, London,
tallic regime and the carriers are electrons in the conduction 1990.
band. A rapid increase in the resistivity at low temperatures;T- Penny, M. W. Shafer, and J. B. Torrance, Phys. Re§, B669(1972.
is attributed to electron trapping due to a strand interac- Iﬁg?&%s' Foner, N. F. Oliveira, Jr., and T. B. Reed, Phys. Rd,B
tion. In both these systems the large decrease in resistance; tomioka, A. Asamitsu, Y. Moritomo, and Y. Tokura, J. Phys. Soc. Jpn.
observed at low temperatures is driven either by changes in64, 3626(1995.
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