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We have observed multiple electronic states in the presence of a magnetic field in the half-doped
Lag sCa sMnOs.. 5 system. The resistivity of each state differs from one another by at least one order of
magnitude. Application of a magnetic field induces first-order phase transitions among these states. A maxi-
mum 10-fold magnetoresistance ratio has been observed at 4.2 K between the least and the most conductive
phases. Our results differ from early observations that there is only one metal-to-in§tiatatatey transi-
tion in other related half-doped systemiS0163-18206)06334-5

In the perovskite manganat&; _,B,MnO;, s (A=La, Pr,  gree of canting in the AFM state which is eventually driven
or Nd, B=Ca, Sr, or By a strong interplay between lattice, to an FM state in a large fieldH). The first-order phase
magnetism, and transport brings out diverse types of magransitions between the electronic states are accompanied by
netic orderings and magnetotransport propeftiés.The  Multiple drops in resistivityp, leading to a maximum

physics involved is both intriguing and complex. One needst0*-fold change inp(H) between the least and the most con-
to consider the superexchange in M#-0?-Mn3*4+) ducting state. The occurrence of these multiples states may

. — _ be associated with the unique magnetic structure consistin
an(_JI the Zener doub_le exc_hange in WeO* 'Man’lz 14_ of an array of one-dimensic(])nalD) gzigzag charge-ordered ’
wh|ct_1 fosters the spin can_tlng and ferromagnetic orderingep chains with an AFM coupling between them.

Also important are mechanisms such as the electron-electron The polycrystalline sample of kaCa,MnO,, 5 was
interaction, and the steric and Jahn-Teller efféetSuch a  made with the standard solid-state reaction metisee Ref.
rich mixture of interactions is destined to create some interg). The thermal annealinat T~1300 Q lasted about eight
esting electronic and magnetic states. Indeesl=g§ doping,  days to ensure homogeneity. X-ray diffraction patterns con-
the solid is a ferromagndgfFM) with a large magnetoresis- firm a single phase which was indexed based on the manga-
tance(MR) associated with the magnetic dynamics n€ar  nate structure. No secondary phases were detected in our
At another critical doping levelx=3, which has received x-ray system which is capable of 1% impurity detection. The
much interest lately, even larger MR has been observed amagnetization of the sample was measured in both a super-
the solid undergoes a first-order field-induced insulator-toconducting quantum interference devi@&QUID) magneto-
metal transitior?.®~2°In contrast tox=%, the magnetotrans- meter and a high-field magnetometer at the MIT Bitter Na-
port in x=3 is associated with an antiferromagn@FM)-  tional Magnet Laboratory.
to-FM transition. The group at University of Tokywas the The manganate is a strong magnetoresistive solid. We
first to interpret the transition as a result of melting of thehave measured the magnetoresistaidB) and magnetiza-
charge-ordered lattice in f4Sr,gMnO;. Later the same tion (M) over a wideH range and at various temperatures
group reported a similar transition in Ngbr, MnO5.° (T). For each measurement, we cooled the sample to a se-
In this paper, we report the observation fofur field- lectedT in zero fieldand then measureg{H) andM(H) in
induced electronic states, rather than just two stétesila- a sweepingd (0—19 T—0——19 T—0—19 T). The results
tor and metal in another half-doped l@aCa sMnO;,s are shown in Fig. 1 fof =4.2, 50, and 77 K. Both MR and
which has the smallest tolerance factor among the solidM are strongly dependent on the thermal and magnetic his-
studied so faP:®~1°They are achieved as we change the detory of the sample.
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FIG. 1. Resistivity(in log scal¢ and magnetization of LgCa, sMNnOs_ 5 versus magnetic field t=4.2, 50, and 77 K. For each run, the
sample was cooled in zero field, and then subjected to a sweeping field sequedcé:—19 T; (blue) 19 T—-0——19 T; (green —19

T—-0—19 T.

Figure 1 shows that l@aCa, sMnOs, 5 is @ metamagnet,
which undergoes a transition from AFM to FM and vice
versa under a magnetic field or by change of temperature.
The low-T ground state is a canted AFM. The extrapolated
M(H—0) in the initial state is 5.7% of the fully orderéd
(101.5 emu/y of the FM state. The value d¥l in the AFM
state increases witH as a result of a reduced canting angle.
At a sufficiently highH, denoted a#H 2", a field-induced
first-order phase transition occurs, bringing the system from
the AFM to the FM state. Once in the FM state, the system
may or may not transform back to the AFM statetas-0.

At T=4.2 K, the system remains in the FM state. However,
at an elevated (e.g., 50 K, the system does collapse back
to the AFM state, though at a critical field,"#, lower than

H 2F due to the nature of the first-order transition. The meta-
magnetism in LgCa, sMNnO;_ 5 is similar to earlier results

in PrysSip sMnO; (Ref. 8 and Ng sSry sMnO3 (Ref. 9 with

one exception, i.e., the induced FM state in other two solids
always collapses back to AFM at low field even at 2.5 K.
These results point to the existence of an AFM ground state
and an FM metastable state. Application téf lowers the
total energy of FM due to Zeeman effect, while keeping
that of AFM intact. AtH &, the FM state becomes more

FIG. 2. The charge and spin ordering structure of
Lag <Cay sMNnOs. 5 (a-b plang. Only the Mrf™ and Mrf* ions are
marked, @~ ions are located midway between the shortest
Mn3t-Mn** pairs. The zigzag chains consist of alternating®#Mn
and Mrf* ions whose spins are ordered ferromagnetically. The in-
terchain coupling is of the antiferromagnetic type.
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stable and an AFM-FM transition appears. If thermal agita-
tion is weak, the system will remain trapped in the meta-
stable FM state even whét—0. On the other hand, thermal
excitation at a finiteT will assist the system to undergo an
FM-AFM transition at a loweH £A,

Next we turn our attention to the corresponding changes
of MR as the magnetic state evolves in a field. There are
three important features in the MR data of Fig.(1). With
increasingH, there appear four distinctive electronic states at
low T (e.g., 4.2 and 50 K The zero-field-coole¢ZFC) state
at H;=0 and T=4.2 K is an insulator with a large of Y 40
3.12x10° ) cm. AtH,=4.52 T,H;=5.98 T, andH ,=11.80 ' VL~ 108k | 184K
T, three consecutive precipitous dropsgrtascade the sys- 10 0 5 10 15 0 5 10 15
tem to three highd electronic stategwe refer to the four H(T)
states a$d, state withn=1,2,3,4. The stateH, reached at
the highest field, which coincides with4F of the AFM-FM
transition, corresponds to an insulator-to-metal transitin.
At 4.2 K, once in the trapped FM statg,remains at a low
value regardless of any subsequent applied field. The maxi- 4}
mum change irp between the ZFC and the FM state is a
dramatic nine orders of magnitude. At a highere.g., 50 2 AEM N
K), asH—0 from 19 T, p undergoes two reversed transi- NN
tions. One occurs at=5.58 T which corresponds to the 0 ot L PP
FM-AFM transition, and the other @& =0.30 T. Thep at 0 %0 100 150 200 2% 300
H=0 does not revert to the value of the ZFC state, but rather T
takes thep value of theH, state.(3) At even higherT (e.g.,

77 K), other than the insulator-metal transitionHb&9.85 T, FIG. 3. Phase diagram in th¢-T plane.HAF andHE* are
sharp drops irp disappear, indicating that some of thg, critical fields for the AFM-FM and FM-AFM transitions respec-
states survive only at [oW. tively. Inset: Magnetization vs field at various temperatures.

The sharp drops in resistivity in Fig. 1 are intrinsic prop-
erties. They are not caused by inhomogeneity or grain Based on the magnetic structure we conjecture a scenario
boundary effect. The samples used were annealed for an e which transitions among, states may occur. The Mh
tended period>1 week and the x-ray characterization re- content in our sample has been determined to be 53% due to
vealed clean and sharp diffraction lines. The largest drgp in a slight oxygen excessin other words, 3% of theé elec-
at H, is over four orders of magnitude. It is very unlikely trons in thea-b planes are missing, or equivalently there are
that such a strong effect could result from the grain bound3% extra holes in the charge lattice. The double-exchange
aries in our samples where grain sizes exceegut0 Also  model predicts that the hopping strength betweer? Vand
the transitions occur consistently on both sides of positiveMin** is t=b cog®/2), ® being the angle between the
and negative field¢see data at 50 K Further confirmation neighboring sping®>**Under normal circumstances, an inde-
of the results using single crystal samples is highly desirablgpendent FM zigzag chain would behave like a 1D conductor,
Unfortunately, single crystals of Ca-doped manganates, urbecause electrons can hop freely. However, inate plane
available till now, are very difficult to grow. electron hopping along a chain is impeded by the Coulomb

The microscopic origins of the observed fody, states repulsion from three neighboring electrons. This is why the
are not clear at this stage. They may be due to the uniqugolid is an insulator. If a small amount of electrons are re-
magnetic structure of\; sB,gMnO;, determined by neutron moved as in our sample, the electrons in the chains could
diffraction in the past:*® Figure 2 shows the magnetic struc- now tunnel into these electron vacanci¢gwles against a
ture (a-b plane at low T, commonly referred to as the CE reduced Coulomb barrier from two electrons, instead of
type>51€in which both the charges and the spins of ¥in three. At low T the holes would most likely be trapped.
and Mif* (1:1 ratig are ordered. Theé electrons in MA™  Application of H would reduce the canting angk between
ions occupy every other site in treeb plane. The charge the spins on the neighboring chains, enhancing the interchain
ordering is perfect at exactly=3 (half filling). It is noted  electron hopping. AH,, the trapped holes may become de-
that the Coulomb interaction in this charge lattice is mini-localized, because the interchain hopping would effectively
mized. The spin ordering of the CE type is such that, along @#educe the Coulomb interaction. The motion of these holes
single zigzag chaifmarked in Fig. 2with alternating Mi*  would be confined along the 1D zigzag chains. Further in-
and Mrf* ions3'51®the intrachain magnetic moments are crease inH may introduce a 2D character in the electron
ordered ferromagnetically. However all the neighboringconduction by continuously increasing the interchain elec-
chains exhibit AFM ordering. The same is true along the tron hopping. AtH; a major drop inp sets in, a possible
axis, the neighboring-b planes have identical charge order- indication of a partial 2D charge-lattice melting. Finally, at
ings, except the neighboring chains are ordered antiferrathe even higheH,, the AFM-FM transition makes the sys-
magnetically. tem a truly 3D conductor, leading to a complete melting of
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the charge lattice. We emphasize that the above scenario 8, Nd, S, sMnO; (Ref. 9, and Lg sCa, gMnO;. Though

just a conjecture. We feel that the 1D FM chains may playsimilar in many aspects, the three solids have major differ-

some roles in the magnetotransport. Again, single crystalences in their properties. In the first twBr/Sr and Nd/Sy

would be desirable in assessing these ideas. there exists an insulator-to-metal transition, whereas in
In addition to the aforementioned dramaiticinduced ef- | a/Ca there are two additional states between the insulating

fect, the results in Fig. 1 also convey the significant rol& of  and metallic ends. The hysteresis area in the phase diagram
We have characterized the thermal effect by measuringhcreases in the order of Pr/Sr, Nd/Sr, to La/Ca

M(H) at different temperatures as shown in the inset of Fig(AHC:H AF_HF-A changes from 1, 9, to 11)TIn particu-

3. The critical fields,H¢™ and H¢™, are found to be |5 the FM state in La/Ca can be trapped ufte10 K once
strongly dependent o, from which a magnetic phase dia- pagnetized. However, the FM state is not stable at all in zero
gram has been constructed in Fig. 3. With increasingt — fie|q in Pr/Sr and Nd/Sr even down to 2.5 K. These differ-
requires smaller fieldH ., to induce the AFM-FM transi- — ences may result from the degree of structural distortion in
tion. This is understandable because the net energy requirgfese solids. The buckling distortion of the MgGctahedra

for the transition is the sum of the magnetic energy and thgiepends on the tolerance factor which is a measure of cation
thermal energy. Once the system s in the FM state, loweringjze mismatch. The smaller the tolerance factor, the larger
H to H ™ will bring it back to the AFM state. But al<10 e gistortion, and the smaller the Mn-O-Mn bond angle in
K even atH =0, the system remains trapped in the FM state,q plané! In the sequence of Pr/Sr, Nd/Sr, and La/Ca, the
However, at a higheT, thermal energy destabilizes the FM qerance factor become increasingly small@928, 0.925
state. Indeedd ©-# starts to increase with increasifiguntil and 0.909, and so does the, electron hopping ,integra,I.
aboutT,=60 K. The energyksT,~0.52 meV, is the energy Tyjs s consistent with the fact that the Iolvresistivity at
barrier (per spin that the system must overcome to undergo,erg field increases dramatically from F0 1%, to 16 Q cm

the FM-AFM transition. We also note that the fddy, states  j, these solids. Magnetic field, on the other hand, increases
are most pronounced whéh<T, (see Fig. ], which makes  g|actron hopping integral by reducing the canting angle.
Ty, a characteristic energy scale for the physics at low anéerefore in La/Ca a wider range of electron hopping param-
high T. Figure 3 can also be used as a phase diagram for thger can be accessed in a magnetic field, and this could be a

electronic states, with the FM and AFM phases correspondrga50n why the multiple states are observed in the La/Ca, and
ing to the metallic and insulating states, respectively. The,ot in the Pr/Sr or Nd/Sr solids.

hysteresis region is the area between the upper and lower

curves in Fig. 3. In this region the solid can be either an We wish to thank W. J. Gallagher, X. W. Li, J. C. Slon-
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