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We have explored the colossal magnetoresista(C®IR) effect in the antiferromagnetic

Lag Ca gMnO; compound. In the absence of a magnetic fiéld), the solid is a canted
antiferromagnetiéAFM) insulator. An applied in the Tesla scale induces a first order AFM to FM
phase transition, and correspondingly, an insulator to metal transition. The observed CMR is
attributed to theH-induced charge localization-delocalization behavior associated with the AFM—
FM transition. At low temperaturgd <100 K), the solid remains in the AFM phase, where we have
observed a phenomenal one millionfold change in resistivity between 0 and 8 Tesla. The origin of
CMR in low T-region is a thermal activation energy gap which is strongly dependerti.on
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The magnetotransport and magnetic properties of tha solid-state reaction method. Appropriate proportions of
perovskite La_,A,MnO;, ;s (0<x<1) system have received La,0;, CaCQ, and MnQ precursors were thoroughly
a great amount of attention recently after the discovery of theénixed and then pressed into pellets. The sintering process
so-called colossal magnetoresistatC®R) effect in the fer-  lasted over a long period of 150 h in an oxygen atmosphere.
romagnetic phaséFM) of this systent ® Essential to the Two intermediate grindings and mixings were carried out for
CMR is the existence of the mixed valence state of Mnhomogenization. The annealing temperature was 1200 °C for
evolving from Mr?* (spinS=2) in the parent phase=0) to  the first two sinterings and was 1300 °C for the last. The
Mn** (spin S=3/2) in the end compound such as CaMnO sample was cooled to room temperature in more than 8 h.
(i.e., A=Ca). The low energyt3, triplet contributes a local Four-probe magnetoresistance was measured in a cryostat
spin of S=3/2 to both Mi* and Mrf*. In addition, Mi*  €quipped with an 8 T magnet. The magnetization of the
has an additional electron in tled state with its spin parallel Sample was measured using the Quantum Design SQUID
to the local spin, whereas theé state is empty in magnetometer. _X—ray dlffractlgn analy§|s |nd|catgd that the
Mn* Whether theeé electron is localized or mobile de- Sample .has a smgle.phase with a cubic perovskite structure.
pends on the local spin orientation. If the local spins are! "€ lattice constant is 7.66 A. _
aligned as in a FM, the} electron will be mobile so as to Figure 1 shows the temperatui® dependence of resis-
lower its kinetic energy. However in the AFM configuration,
the intra-atomic exchange between @@electron and the
local spin would forbid the electron transfer, hence, resulting 1108
in a charge localization. Because of these reasons, the elec- ~ 1°° ‘_ L3 50Ca0.50MnO;
tron transport in La,A,MnQO; is sensitive to an underlying
magnetic structure and its dynamicé. is believed that the
origin of CMR is directly related to this sensitivity. 107

To date, research on CMR has focused on the FM phase,
in particular, on LggLCa3MnO; and other similar
compounds™* CMR as large as ten-thousandfold has been
obtained in polycrystal$ single crystal$ and epitaxial thin
films.? A maximum MR is generally associated with the FM
phase transition. We have studied the CMR effect using a
different approach, and have searched for the maximum MR
with an emphasis on the AFM phase. As a consequence we 10
have achieved record CMR values of 830 000% atL25 K
and 10% at T=57 K in a well-prepared LgCa, sMnO;
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compound. Coupled with such a dramatic CMR is a field 100 . ‘ ‘ . ‘ 102
induced AFM—FM first order phase transition. At Ioky we 0 S0 100 150 200 250 300
have also observed a strongly field dependent activation en- T(K)

ergy gap in the AFM phase.

The bulk Lg :Ca, sMnO; compound was prepared using FIG. 1. The temperaturéT) dependence of the resistivity(T), (in log
scalg measured in zero and 8 T field for {&& sMnO;. The magnetore-
sistance ratio defined ap{(T)—pgr(T)]/ psr(T) is also shown. The arrows
3E|ectronic mail: gxiao@watson.ibm.edu indicate directions of measurement.
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£ FIG. 3. Magnetization curve$q(H) measured at various temperatures.
;w Three magnetic states are shown schematically in various temperature re-
gions: a canted antiferromagnet, a canted ferromagnet, and a paramagnet.
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r® and a high field5.5 T). We have also measured a series of

M(H) curves from 0 to 5.5 T and in th&range between 5

and 230 K. Some representativ&(H) curves are shown in
FIG. 2. TheT-dependence of magnetizatith(T) and inverse susceptibility P Ma( )

X (T) measured aH=150 G and 5.5 T. By extrapolatinyl(H) in the  19- 3. By extrapolating (H) in the highH region toH=0,
high-H region toH=0, we have obtained a small ferromagnetic spontaneousve have obtained a small FM spontaneous magnetization

magnetizatiorM((T) which is shown in the lower panel. M(T), which is shown in the lower panel of Fig. 2. Based
on Figs. 2 and 3, we describe some of the important features
of the magnetic properties.
tivity, p(T), (in log scal¢ measured in 0 and 8 T field. The (1) There exist two magnetic transitions in tierange
zero field po(T) reveals a thermal hysteresis between 11Cstudied. The highF y “1(T) provides an extrapolated Curie—
and 190 K in the cooling and warming-up mode. The(T) WeissT.~225 K as shown in Fig. 2, indicating a FM tran-
at 8 T was measured only during warming-up. Over thesition from a paramagnetic state. Another magnetic transition
T-range studiedpy(T) experiences a change spanning overoccurs at aTy lower thanT,.. The transition temperature,
eight orders of magnitude. If6-dependence is semiconduc- T4, depends o and on thermal historyzero-field-cooled
torlike with an activation energ(0)~67 meV. On the other or field-cooled. The substantial drop dl below T is in-
hand,pgr(T) is substantially smaller thasy(T) at any given  dicative of an FM—AFM transition. The thermal hysteresis in
T. Above 120 K,pgr(T) is weakly dependent of, havinga M vs T (see the middle panel of Fig) 2eveals a first order
value (a few m2-cm) typical of a poor metal. Below 120 K, phase transition.
pst(T) experiences a sudden increase and evolves into an (2) At a fixed T, the FM—AFM transition can also be
activation region with a gap(8T)~7.5 meV, which is about induced by an applieti, (see Fig. 3. At a low T (<100 K),
one order of magnitude smaller tha0). Also shown in the solid is an AFM up to the maximum 5.5 T of our instru-
Fig. 1 is MR ratio defined aspl(T) — pgt(T)1/ pgr(T). At ment. At a highT, for example, 150 K, the AFM—FM tran-
T~60 K p changes over six orders of magnitude between Gition starts at about 4 T. AEapproache3 ., the AFM—FM
and 8 T, and af~125 K over four orders of magnitude. To transition shifts to a lowell, and becomes much smeared. In
our knowledge the CMR effect shown here is the largesthe zeroH field, the solid is probably never a FM evenTat
reported in La_,A,MnO; and similar systems. It is noted nearT.. For example, aff=205 K, the M(H) curve is
that the maximum CMR in the FM lggCa, 3dMNnO; occurs  hardly of any FM nature.

near T, and vanishes a3 approaches zero. However, in (3) Under a highH (e.g., 5.5 T, M approaches~90
Lay Ca sMNnO;, CMR seems to increase exponentially with emu/g asT—0 K. Comparing with the theoretical limit of
reducingT. M =102 emu/g, one concludes that the canting amgleis

To understand the anomalous magnetotransport, we hawbout 56° at H=5.5 T in the FM phasénote that cog/2)
measured the magnetic properties of L@a, sMnO;. Figure =M Z¥M,.] On the other hand, in the AFM phase, the spin
2 shows theT-dependence of magnetizatidn(T) and in-  orientations are canted too as evidenced from a small FM
vese susceptibility ~1(T) measured in a low field150 G M(T) component shown in the lower panel of Fig. 2. We
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estimated that,ry~165°. In other words, the AFM—FM Comparing with the LgsCa, sMnO; system that has a MR of
transition, that can be either induced Hyor by varyingT, one-millionfold, the latter seems to develop a much more
corresponds to a transition from 165° to 56°. rigid charge-ordered lattice, yielding a larger energy gap in
With the above magnetic properties in mind, we can prothe AFM phase. The metallic phases of the two systems, on
ceed to explain the magnetotransport data presented in Fithe other hand, do share a similar resisti#yfew mQ-cm).
1. In zero field,6 remains large betweeb K andT.. As a In summary, we have obtained record values of CMR in
consequence, a charge transfer between neighboring sitestiee AFM phase of LgsCa sMnO;. At T=125 K, the CMR is
difficult, according to the prediction of the double exchangeabout one million percent. It increases exponentially to 100
modeP~!! that charge transfer integralis proportional to  million percent at 57 K. The CMR effect at intermedidts
cog6/2). At low T, charges are almost fully localized, which (e.g., 125 K is associated with a field induced first order
leads a thermally activateghy(T). Neutron diffraction FM-AFM phase transition. In the lovli-region (<100 K),
studied? on Py, sSr, sMnO5 have shown that Mt and Mrf* the AFM phase leads to a charge localization and, possibly,
sites are spatially ordered at a loWwsimilar to a Wigner spatially charge ordering. The energy gap in the insulating
lattice. AFM phase is dependent dth, with a higherH correspond-
At a highH (e.g., 8 T), the system is FM abov&~125 ing to a smaller gap. It is this particular nature of the energy
K. In the FM phase, because of a much smaller cantinggap in the AFM phase that brings about the phenomenal
angle, the charge transfer is enhanced substantially, allowinGMR effect.
the formation of extended electronic states. The solid then This work was supported in part at Brown University by
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