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We have observed multiple electronic states in the presence of a magnetic field in the half-doped
La0.5Ca0.5MnO31d 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 109-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-insulator~two states! transi-
tion in other related half-doped systems.@S0163-1829~96!06334-5#

In the perovskite manganate,A12xBxMnO31d ~A5La, Pr,
or Nd,B5Ca, Sr, or Ba!, a strong interplay between lattice,
magnetism, and transport brings out diverse types of mag-
netic orderings and magnetotransport properties.1–11 The
physics involved is both intriguing and complex. One needs
to consider the superexchange in Mn31~41!-O22-Mn31~41!

and the Zener double exchange in Mn31-O22-Mn41,12–14

which fosters the spin canting and ferromagnetic ordering.
Also important are mechanisms such as the electron-electron
interaction, and the steric and Jahn-Teller effects.15 Such a
rich mixture of interactions is destined to create some inter-
esting electronic and magnetic states. Indeed, atx5 1

3 doping,
the solid is a ferromagnet~FM! with a large magnetoresis-
tance~MR! associated with the magnetic dynamics nearTc .
At another critical doping level,x5 1

2, which has received
much interest lately, even larger MR has been observed as
the solid undergoes a first-order field-induced insulator-to-
metal transition.6,8–10 In contrast tox51

3, the magnetotrans-
port in x51

2 is associated with an antiferromagnet~AFM!-
to-FM transition. The group at University of Tokyo8 was the
first to interpret the transition as a result of melting of the
charge-ordered lattice in Pr0.5Sr0.5MnO3. Later the same
group reported a similar transition in Nd0.5Sr0.5MnO3.

9

In this paper, we report the observation offour field-
induced electronic states, rather than just two states~insula-
tor and metal!, in another half-doped La0.5Ca0.5MnO31d
which has the smallest tolerance factor among the solids
studied so far.6,8–10They are achieved as we change the de-

gree of canting in the AFM state which is eventually driven
to an FM state in a large field (H). The first-order phase
transitions between the electronic states are accompanied by
multiple drops in resistivityr, leading to a maximum
109-fold change inr(H) between the least and the most con-
ducting state. The occurrence of these multiples states may
be associated with the unique magnetic structure consisting
of an array of one-dimensional~1D! zigzag charge-ordered
FM chains with an AFM coupling between them.

The polycrystalline sample of La0.5Ca0.5MnO31d was
made with the standard solid-state reaction method~see Ref.
6!. The thermal annealing~at T'1300 C! lasted about eight
days to ensure homogeneity. X-ray diffraction patterns con-
firm a single phase which was indexed based on the manga-
nate structure. No secondary phases were detected in our
x-ray system which is capable of 1% impurity detection. The
magnetization of the sample was measured in both a super-
conducting quantum interference device~SQUID! magneto-
meter and a high-field magnetometer at the MIT Bitter Na-
tional Magnet Laboratory.

The manganate is a strong magnetoresistive solid. We
have measured the magnetoresistance~MR! and magnetiza-
tion (M ) over a wideH range and at various temperatures
(T). For each measurement, we cooled the sample to a se-
lectedT in zero fieldand then measuredr(H) andM (H) in
a sweepingH ~0→19 T→0→219 T→0→19 T!. The results
are shown in Fig. 1 forT54.2, 50, and 77 K. Both MR and
M are strongly dependent on the thermal and magnetic his-
tory of the sample.
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Figure 1 shows that La0.5Ca0.5MnO31d is a 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 orderedM
~101.5 emu/g! of the FM state. The value ofM in the AFM
state increases withH as a result of a reduced canting angle.
At a sufficiently highH, denoted asH c

A-F, 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 state asH→0.
At T54.2 K, the system remains in the FM state. However,
at an elevatedT ~e.g., 50 K!, the system does collapse back
to the AFM state, though at a critical field,H c

F-A, lower than
H c

A-F due to the nature of the first-order transition. The meta-
magnetism in La0.5Ca0.5MnO31d is similar to earlier results
in Pr0.5Sr0.5MnO3 ~Ref. 8! and Nd0.5Sr0.5MnO3 ~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 ofH lowers the
total energy of FM due to Zeeman effect, while keeping
that of AFM intact. AtH C

A-F, the FM state becomes more

FIG. 1. Resistivity~in log scale! and magnetization of La0.5Ca0.5MnO31d versus magnetic field atT54.2, 50, and 77 K. For each run, the
sample was cooled in zero field, and then subjected to a sweeping field sequence:~red! 0→19 T; ~blue! 19 T→0→219 T; ~green! 219
T→0→19 T.

FIG. 2. The charge and spin ordering structure of
La0.5Ca0.5MnO31d ~a-b plane!. Only the Mn31 and Mn41 ions are
marked, O22 ions are located midway between the shortest
Mn31-Mn41 pairs. The zigzag chains consist of alternating Mn31

and Mn41 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 whenH→0. On the other hand, thermal
excitation at a finiteT will assist the system to undergo an
FM-AFM transition at a lowerH c

F-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.~1! With
increasingH, there appear four distinctive electronic states at
low T ~e.g., 4.2 and 50 K!. The zero-field-cooled~ZFC! state
at H150 and T54.2 K is an insulator with a larger of
3.123106 V cm. AtH254.52 T,H355.98 T, andH4511.80
T, three consecutive precipitous drops inr cascade the sys-
tem to three high-H electronic states~we refer to the four
states asHn state withn51,2,3,4!. The stateH4 reached at
the highest field, which coincides withH c

A-F of the AFM-FM
transition, corresponds to an insulator-to-metal transition.~2!
At 4.2 K, once in the trapped FM state,r remains at a low
value regardless of any subsequent applied field. The maxi-
mum change inr between the ZFC and the FM state is a
dramatic nine orders of magnitude. At a higherT ~e.g., 50
K!, asH→0 from 19 T, r undergoes two reversed transi-
tions. One occurs atH55.58 T which corresponds to the
FM-AFM transition, and the other atH50.30 T. Ther at
H50 does not revert to the value of the ZFC state, but rather
takes ther value of theH2 state.~3! At even higherT ~e.g.,
77 K!, other than the insulator-metal transition atH59.85 T,
sharp drops inr disappear, indicating that some of theHn

states survive only at lowT.
The sharp drops in resistivity in Fig. 1 are intrinsic prop-

erties. They are not caused by inhomogeneity or grain
boundary effect. The samples used were annealed for an ex-
tended period~.1 week! and the x-ray characterization re-
vealed clean and sharp diffraction lines. The largest drop inr
at H2 is over four orders of magnitude. It is very unlikely
that such a strong effect could result from the grain bound-
aries in our samples where grain sizes exceed 10mm. Also
the transitions occur consistently on both sides of positive
and negative fields~see data at 50 K!. Further confirmation
of the results using single crystal samples is highly desirable.
Unfortunately, single crystals of Ca-doped manganates, un-
available till now, are very difficult to grow.

The microscopic origins of the observed fourHn states
are not clear at this stage. They may be due to the unique
magnetic structure ofA0.5B0.5MnO3, determined by neutron
diffraction in the past.3,16Figure 2 shows the magnetic struc-
ture ~a-b plane! at low T, commonly referred to as the CE
type,3,15,16 in which both the charges and the spins of Mn31

and Mn41 ~1:1 ratio! are ordered. Theeg
1 electrons in Mn31

ions occupy every other site in thea-b plane. The charge
ordering is perfect at exactlyx5 1

2 ~half filling!. It is noted
that the Coulomb interaction in this charge lattice is mini-
mized. The spin ordering of the CE type is such that, along a
single zigzag chain~marked in Fig. 2! with alternating Mn31

and Mn41 ions,3,15,16 the intrachain magnetic moments are
ordered ferromagnetically. However all the neighboring
chains exhibit AFM ordering. The same is true along thec
axis, the neighboringa-b planes have identical charge order-
ings, except the neighboring chains are ordered antiferro-
magnetically.

Based on the magnetic structure we conjecture a scenario
in which transitions amongHn states may occur. The Mn41

content in our sample has been determined to be 53% due to
a slight oxygen excess.6 In other words, 3% of theeg

1 elec-
trons in thea-b planes are missing, or equivalently there are
3% extra holes in the charge lattice. The double-exchange
model predicts that the hopping strength between Mn31 and
Mn41 is t5b cos~Q/2!, Q being the angle between the
neighboring spins.13,14Under normal circumstances, an inde-
pendent FM zigzag chain would behave like a 1D conductor,
because electrons can hop freely. However, in thea-b plane
electron hopping along a chain is impeded by the Coulomb
repulsion from three neighboring electrons. This is why the
solid is an insulator. If a small amount of electrons are re-
moved as in our sample, the electrons in the chains could
now tunnel into these electron vacancies~holes! against a
reduced Coulomb barrier from two electrons, instead of
three. At low T the holes would most likely be trapped.
Application ofH would reduce the canting angleQ between
the spins on the neighboring chains, enhancing the interchain
electron hopping. AtH2, the trapped holes may become de-
localized, because the interchain hopping would effectively
reduce the Coulomb interaction. The motion of these holes
would be confined along the 1D zigzag chains. Further in-
crease inH may introduce a 2D character in the electron
conduction by continuously increasing the interchain elec-
tron hopping. AtH3 a major drop inr sets in, a possible
indication of a partial 2D charge-lattice melting. Finally, at
the even higherH4, the AFM-FM transition makes the sys-
tem a truly 3D conductor, leading to a complete melting of

FIG. 3. Phase diagram in theH-T plane.H c
A-F andH c

F-A are
critical fields for the AFM-FM and FM-AFM transitions respec-
tively. Inset: Magnetization vs field at various temperatures.
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the charge lattice. We emphasize that the above scenario is
just a conjecture. We feel that the 1D FM chains may play
some roles in the magnetotransport. Again, single crystals
would be desirable in assessing these ideas.

In addition to the aforementioned dramaticH-induced ef-
fect, the results in Fig. 1 also convey the significant role ofT.
We have characterized the thermal effect by measuring
M (H) at different temperatures as shown in the inset of Fig.
3. The critical fields,H c

A-F and H c
F-A, are found to be

strongly dependent onT, from which a magnetic phase dia-
gram has been constructed in Fig. 3. With increasingT, it
requires smaller field,H c

A-F, to induce the AFM-FM transi-
tion. This is understandable because the net energy required
for the transition is the sum of the magnetic energy and the
thermal energy. Once the system is in the FM state, lowering
H to H c

F-A will bring it back to the AFM state. But atT,10
K even atH50, the system remains trapped in the FM state.
However, at a higherT, thermal energy destabilizes the FM
state. IndeedH c

F-A starts to increase with increasingT until
aboutTp560 K. The energy,kBTp'0.52 meV, is the energy
barrier~per spin! that the system must overcome to undergo
the FM-AFM transition. We also note that the fourHn states
are most pronounced whenT,Tp ~see Fig. 1!, which makes
Tp a characteristic energy scale for the physics at low and
highT. Figure 3 can also be used as a phase diagram for the
electronic states, with the FM and AFM phases correspond-
ing to the metallic and insulating states, respectively. The
hysteresis region is the area between the upper and lower
curves in Fig. 3. In this region the solid can be either an
insulator, if starting from theH1 state, or a metal, if from the
H4-state.

It is worthwhile to make a comparison among the three
half-doped manganates studied so far, Pr0.5Sr0.5MnO3 ~Ref.

8!, Nd0.5Sr0.5MnO3 ~Ref. 9!, and La0.5Ca0.5MnO3. Though
similar in many aspects, the three solids have major differ-
ences in their properties. In the first two~Pr/Sr and Nd/Sr!,
there exists an insulator-to-metal transition, whereas in
La/Ca there are two additional states between the insulating
and metallic ends. The hysteresis area in the phase diagram
increases in the order of Pr/Sr, Nd/Sr, to La/Ca
~DHc5H c

A-F2H c
F-A changes from 1, 9, to 11 T!. In particu-

lar, the FM state in La/Ca can be trapped up toT510 K once
magnetized. However, the FM state is not stable at all in zero
field in Pr/Sr and Nd/Sr even down to 2.5 K. These differ-
ences may result from the degree of structural distortion in
these solids. The buckling distortion of the MnO6 octahedra
depends on the tolerance factor which is a measure of cation
size mismatch. The smaller the tolerance factor, the larger
the distortion, and the smaller the Mn-O-Mn bond angle in
the plane.11 In the sequence of Pr/Sr, Nd/Sr, and La/Ca, the
tolerance factor become increasingly smaller~0.928, 0.925,
and 0.909!, and so does theeg electron hopping integral.
This is consistent with the fact that the low-T resistivity at
zero field increases dramatically from 1022, 102, to 106 V cm
in these solids. Magnetic field, on the other hand, increases
electron hopping integral by reducing the canting angle.
Therefore in La/Ca a wider range of electron hopping param-
eter can be accessed in a magnetic field, and this could be a
reason why the multiple states are observed in the La/Ca, and
not in the Pr/Sr or Nd/Sr solids.
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