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Doping-induced transition from double exchange to charge order
in La12xCaxMnO3 near x50.50
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We study a series of the perovskite manganite compounds La12xCaxMnO3 closely spaced in doping near
x50.50 where the ground state undergoes a doping-dependent metal-insulator transition~MIT ! from a metallic
to a charge-ordered state. A significant difference is found between the value ofx and the Mn14 fraction which
defines the metal-insulator phase boundary. In the immediate doping regime of the MIT, the resistivity data can
be quantitatively described by a model based on the coexistence of two carrier types: nearly localized carriers
in the charge-ordered state exhibiting variable-range hopping and a parasitic population of free carriers which
is tunable by either magnetic field or stoichiometry.@S0163-1829~98!05234-5#
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There has been much recent interest in the propertie
perovskite manganites with the compositionR12xAxMnO3,
whereR13 is a rare earth ion such as La, Pr, or Nd, andA12

is a divalent ion such as Ca, Ba, Sr, or Pb. These mate
were first studied in the early 1950s,1,2 but recent work has
revealed an unexpectedly rich variety of behavior originat
in the strong coupling between the electronic, magnetic,
structural degrees of freedom.3–6 Associated with this close
coupling, recent studies have shown that a metal-insul
transition~MIT ! can be induced in these materials by chan
ing temperature3 or magnetic field,7 or even by more exotic
mechanisms such as incident x rays or visible light.8

Most of the recent research on these materials has foc
on compounds withx;0.3 which display intrinsic magne
toresistance of such great magnitude that they have b
dubbed ‘‘colossal magnetoresistance’’ or CMR materia9

The large magnetoresistance forx;0.3 coincides with a
phase transition into a ferromagnetic conducting grou
state. The physics of this transition has long been explai
by double exchange,10 a ferromagnetic exchange process
which the eg electron is exchanged between Mn13 and
Mn14 ions, and it has been recently demonstrated that
strong Jahn-Teller distortion associated with the Mn13 ions
also plays an important role.11

At larger values of x, the conducting ferromagneti
ground state becomes unstable to a charge ordered gr
state which is associated with the same Jahn-Te
distortion.4–6 In the charge-ordered state, theeg electrons
~and therefore the distortions! are localized in a periodic ar
ray on the crystalline lattice creating a spatial ordering
Mn13 and Mn14 ions,6,12 and this localization suppresse
double exchange so that the spins order antiferromagn
cally due to superexchange between the Mn ions.2,13
PRB 580163-1829/98/58~9!/5185~4!/$15.00
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In an intermediate doping regime, where the energy sc
of double exchange and charge ordering are comparable,
obtains a MIT between the conducting and charge-orde
ground states. Compounds in this intermediate doping
gime ~typically nearx50.50) often displayboth ferromag-
netic conducting and charge ordered states with first or
transitions between them such that the electronic state ca
tuned by thermal and magnetic history.14 Recent measure
ments have shown the electronic and structural propertie
compounds in the intermediate doping regime are co
spondingly rather different from those in either the pure
charge-ordered or ferromagnetic regimes.5,14–17

We have performed a detailed study of the doping dep
dent MIT in the CMR manganites in a series
La12xCaxMnO3 samples closely spaced in doping withx
;0.50 and with well-characterized percentages
Mn14 (p4). In the proximity of the MIT, we find the mate
rial properties are extraordinarily sensitive to changes
doping and that the differences betweenx and p4 become
critical in determining the state of the system. The low te
perature electronic state appears to be well described by
presence of a small density of free carriers~which can be
induced either stoichiometrically or by application of a ma
netic field! superimposed on the charge order. Our data s
gest that it is the increasing density of these carriers
leads to the ‘‘melting’’ of the charge lattice by an applie
magnetic field.14,15

Samples of La12xCaxMnO3 were prepared with composi
tions and Mn14 concentrations ofx (p4)50.33 (37.2),
0.4.2 ~34.8!, 0.48 ~49!, 0.48 ~53.2!, 0.49 ~52.8!, 0.50 ~53.8!,
0.51 ~53.6!, 0.52 ~49.2!, 0.52 ~55.2!, and 0.55~58.2!. Sto-
ichiometric quantities of La2O3, CaCO3, and MnO2 were
combined and calcined at 1000 °C. The powder was sub
5185 © 1998 The American Physical Society
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5186 PRB 58BRIEF REPORTS
quently fired at 1250 °C and 1350 °C with intermedia
grindings and then pressed into a pellet and fired at 1400
in flowing oxygen, followed by slow cooling to room tem
perature. The resulting dense black pellets were all sin
phase as adjudged by powder X-ray diffraction. We de
mined p4 to 61% Mn14 for each sample by redo
titration,18 with the precision determined by running seve
~typically 5–10! separate runs on each sample. As meas
of the accuracy of the method, a sample
La0.79Ca0.21MnO3.155 (d50.155 determined by thermograv
metric analysis19! was analyzed. The redox titration gave
value ofp4552.8%, equivalent tod50.159. The differences
betweenp4 andx probably arise from small (&1%) oxygen
off-stoichiometries.

In Fig. 1 we show representative resistivity (r) and mag-
netization (M ) data taken on warming and cooling.20 At x
50.42, we see behavior typical of a sample in the low
doping regime, a ferromagnetic transition with an accom
nying drop inr(T) and no hysteresis. Atx50.50 we observe
behavior typical of the intermediate regime with an appar
transition upon cooling to a ferromagnetic state and the
lower temperature first-order transition to the charge-orde
and antiferromagnetic state@signified by a drop inM (T) and
a maximum in2dr/dT#.21 In the presence of a magnet
field, r is suppressed by orders of magnitude anddecreases
with temperature at low temperatures, behavior which w
be discussed in detail below. Forx50.55, in the fully
charge-ordered regime,r(T) is activated down to the lowes
temperatures even atH56 T, andM (T) is less than 10% of
saturation magnetization at all temperatures. Even in
charge-ordered doping regimeM (T) shows a peak, but this
is associated with the charge ordering transition and refl
the reduction in ferromagnetic double exchange accompa
ing the charge ordering.5,6,13

The importance of the difference betweenx and p4 is
illustrated by the data in Fig. 2 from two pairs of sampl
with x50.48 and 0.52. The sample withx50.48 andp4
553.2% hasr(T,H) similar to that of samples with large
value of x. On the other hand,r(T,H) for the x50.48
sample withp4549% has a single maximum on coolin
which is typical of a sample with a FM ground state. Perha
more interesting, in this latter sampler(T) displays strong
hysteresis on warming with second maximum—indicat
the presence of a first order charge ordering as in the sam
with largerx.22 The decreasing low temperaturer(T) and the
low r(T→0) suggest that conduction in this latter sample

FIG. 1. The temperature dependent resistivity atH50 T ~solid
line! and H56 T ~dashed line! and magnetization atH51 T
~solid square! for x50.42 andx50.50.
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the charge-ordered ground state is through the presenc
free carriers in the charge lattice—a concept on which
will elaborate below. While the material properties vary wi
p4 for a givenx, they are not determined solely byp4 but
rather depend on the combination ofx and p4 in a given
sample. This can be seen fromr(T,H) for the sample with
x50.52 and p4549.2%, which is almost identical to
r(T,H) for the sample withx50.52 andp4555.2% @al-
thoughM (T) of the former sample is considerably larger#.

The importance of the difference betweenx and p4 is
demonstrated again in Fig. 3 where we plot the low tempe
ture magnetization and resistivity vs both x andp4. As seen
in the figure, the doping dependent MIT occurs atx50.49
but atp4553%—a significant difference since the transitio

FIG. 2. The temperature dependent resistivity atH50 T ~solid
line! andH56 T ~dotted line! and magnetization atH51 T ~solid
square! of samples atx50.52 and 0.48 with different Mn14 con-
tents.

FIG. 3. The metal insulator transition as a function of %Ca (x)
and %Mn14 (p4) as observed throughr(T560 K, H50) @solid
squares# and M (T510 K, H51 T @open circles#. The lines are
guides to the eye, and the arrows indicate the samples which
inconsistent with the general trends as discussed in the text.
shaded regions give an estimated maximum range for the M
based on the precision of our knowledge ofp4 andx and the slope
of the data.
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FIG. 4. Linear scale plot ofr(T) for La0.50Ca0.50MnO3 ~data at 3 T are divided by a factor of 10 000 and data at 6 T by afactor of 25!.
The bold lines are fits to the data as described in the text. Inset: Best fits to low temperaturer(T) at H50 with a simple activated form
(r5C exp@D/T#, dashed line! and a variable range hopping form (r5C exp@2(D/T)1/4#, solid line! for x50.50 andx50.55.
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width is ;1%. This difference, as well as the presence o
sample in each case which does not follow the trend of
others, demonstrates thatboth x and the difference between
and p4 are critical in determining the material properties
this doping regime, and that neither parameter alone is
ficient in characterizing the MIT. The extreme sensitivity
doping is perhaps implied by the strong first order nature
the MIT in this doping regime. The present results, howev
demonstrate thatp4 can be critically important within the
intermediate doping regime, even though it is typically n
measured in studies of materials in this regime.5,6,12,14,16,17

At low temperatures we findr(T) decreases drasticall
with increasing applied magnetic field as has been obse
previously in compounds withx;0.50.14,15,17 This large
magnetoresistance has been explained as the melting o
charge lattice into a double-exchange-based ferromagn
conducting state. In addition to large magnetoresistance
find that at temperatures well below the charge ordering tr
sition r(T) reaches a maximum and subsequently decre
with decreasing temperature asT→0 as is illustrated in Fig.
4 for thex50.50 sample. As can been seen in the figure,
extent of the decrease inr(T) and temperature range of th
behavior both increase with applied field. The decreas
low temperaturer(T) is seen at all fields for samples wit
x,0.50 and in all of the samples when a sufficiently lar
magnetic field ofgT is applied~exceptx50.55). The de-
creasing low temperaturer(T) can also be observed in pre
viously published data on both polycrystalline and high qu
ity single crystal samples.14,15,17

We attempt to explain the large magnetoresistance
decreasing low temperaturer(T) through the presence o
free carriers in the charge-ordered state whose populatio
enhanced either by the application of a magnetic field or
doping tox,0.50~as in the case of thex50.48 sample with
p4549% shown in Fig. 2!. Assuming that the total conduc
tivity is due to parallel conduction through variable ran
hopping of bound polarons in the charge lattice23 and a small
population of free carriers~with scattering from defects a
well as a combination of phonons, electrons, and spin fl
tuations!, we expect
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1/r51/~A1BT2.5!1C exp@2~D/T!1/4#

where the exponent of 2.5 is an empirical fit.5 This form fits
the data rather well through the entire range of compou
we studied, and typical fits are shown by the thick solid lin
in Fig. 4. We chose the variable range hopping form
conduction within the charge-ordered state since, forH50
where a wide temperature range is available for fitting
simple activated form (r5C exp@D/T#) cannot fit the data
nearly as well asr5C exp@(D/T)1/4# ~see inset to Fig. 4!.
As expected, the fitting parametersC and D which charac-
terize the variable range hopping both increase with incre
ing x through the MIT.20

In a simple Drude model, bothA ~associated with
temperature-independent scattering from defects! andB ~as-
sociated with temperature dependent scattering from o
excitations! would be inversely proportional to the density
the free carriers~for either type of scatteringr}1/nt where
n is the carrier density andt is the scattering time!. As can
be seen from Fig. 5, the quotientA/B is independent of field
even though bothA and B change by orders of magnitude
SinceA(H) should depend on magnetic field only throughn,

FIG. 5. The fit parametersA ~in V cm) andB ~in V cm/K2)
and their ratioA/B as a function of field. The inset shows the fie
dependence of both the field-cooled magnetization~in
103 emu/mole) forx50.50 after field cooling toT510 K and the
approximate number density per molar volume of free carriers
discussed in the text.
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5188 PRB 58BRIEF REPORTS
the experimental finding thatB(H)}A(H) implies thatB
also depends on magnetic field only through the numbe
free carriers. Within this simple framework, our data th
indicate that the magnetoresistance is controlled by a fi
induced increase of carrier density rather than a reductio
scattering.

We can use a fit to thex50.42 sample~in which we
expect;0.4 free carriers per formula unit! to obtain an es-
timate of the field dependence of the approximate scatte
time associated withB, and from that scattering time obtai
an approximate number density@napprox(H)# in the x50.50
samples fromB(H). This is plotted in the inset to Fig. 5
along with M (T510 K). While the magnetization reache
;35% of full saturation, the number density of free carrie
reaches only about 1% of its maximum value (;331023)
implying that even at such high magnetization the cha
lattice is largely intact.
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The quality of our fits and the qualitative nature of t
data~particularly those of thex50.48 andp4549% sample!
strongly suggest that charge order and free carriers can
exist in the doped perovskite manganites. Our results fur
suggest that underlying charge order may influence the
terial properties even in the ferromagnetic regime wh
double-exchange results in a metallic ferromagnetic sta24

Indeed, the influence of charge order could perhaps exp
the rather highT→0 resistivity which has been observed
even the best manganite samples.
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