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Abstract. The ground states of La1−xCaxMnO3 change from double-exchange-associated
conducting ferromagnets atx < 0.50 to charge-ordered antiferromagnets atx > 0.50 even when
x is varied only slightly around 0.50. We have performed a careful study of the electrical and
magnetic properties of these materials for a range of samples with slightly varying calcium doping
aroundx ≈ 0.50. The natures of the ground state and the transition were found to be sensitive
not only to the calcium doping but also to the actual Mn4+ content of these materials. The low-
temperature resistivity of thex ≈ 0.50 materials below the charge-ordering temperature was found
to drop with decreasing temperature in the presence of magnetic fields of even a few teslas or
a slight Ca underdoping(x . 0.50), revealing the presence of some free carriers even in the
charge-ordered states. The data therefore demonstrate a coexistence of ferromagnetic conducting
and antiferromagnetic charge-ordered phases in the perovskite manganites. We also observe field-
induced ‘annealing’ in the charge-ordered state due to the partial delocalization of the carriers.

1. Introduction

The intricate interplay of the magnetic and transport properties of R1−xAexMnO3 (where R3+

is a rare earth and Ae2+ is a Ca, Sr, Ba, etc) has generated much recent interest [1]. The
properties of these materials are extremely sensitive to temperature, external magnetic and
electric fields, doping, applied pressure, and the ionic radii of both the trivalent and divalent
ions [2, 3]. Among these materials [4–7], La1−xCaxMnO3 is particularly interesting, since it
can be prepared over the whole range of doping (06 x 6 1). In the low-doping or colossal-
magnetoresistance (CMR) regime (0.2 < x < 0.4), it exhibits a large magnetoresistance
associated with a ferromagnetic transition. This behaviour is qualitatively explained by double-
exchange (DE) theory [8], where the ferromagnetic transition is mediated by the eg electron
between the aligned Mn4+ core spins. Despite the great success of the DE theory in explaining
these features qualitatively, it cannot quantitatively fit the experimental data, and it has been
recently recognized that the electron–phonon coupling associated with the Jahn–Teller (JT)
distortion of the Mn3+O6 octahedra also plays an important role in these materials [9]. In the
higher-doping regime(x & 0.50), the charges become localized due to Coulomb and electron–
phonon interactions, creating a charge ordering of the localized eg electrons in the periodic
crystalline lattice of the spatially ordered Mn3+ and Mn4+ ions. The charge ordering of the
Mn3+ and Mn4+ ions in turn suppresses the DE-induced ferromagnetic (FM) interactions, and
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at a lower temperature the spins order into a superexchange-induced antiferromagnetic (AFM)
state [10,11].

The properties of these materials in the intermediate-doping regime(x ≈ 0.50), where
the system undergoes a doping-dependent metal–insulator transition (MIT), are quite different
from both those of the ferromagnetic conducting regime and those of the charge-ordering
regime [7,10]. The properties atx ∼ 0.50 change a great deal whenx is varied only slightly,
because the ground state ranges from a FM metallic state at low doping(x . 0.45) to a
fully charge-ordered AFM insulating state at high doping(x & 0.55). In the intermediate
regime (x ∼ 0.50), there is a competition between the eg electron-mediated FM double
exchange and the JT-induced charge ordering. The materials in the intermediate-doping
regime exhibit traces of both states, since the energy scales of these two interactions are
quite comparable in this regime. At high temperatures, due to the thermal fluctuations, they
behave like paramagnetic insulators. But at lower temperatures, they undergo a transition first
to ferromagnetic spin ordering and then to a charge-ordered state with high resistivity, and
finally to an antiferromagnetic spin state. The charge-ordered state is quite unusual in this
doping regime as it can be dissociated or ‘melted’ by an applied magnetic field [12–17].

Even though La1−xCaxMnO3 is a widely studied material, most of the research has been
concentrated in the low-doping or fully charge-ordered regime. We have performed a detailed
study of the doping-induced MIT through the crossover region, by studying a number of
samples closely spaced in doping withx ≈ 0.50 and with well characterized Mn4+ content.
We found that the materials in this regime are very sensitive to bothx and the actual Mn4+

content, and that their properties differ a great deal when either of them is varied only slightly.
We model the electrical behaviour of these samples as being due to the existence of free carriers
in the charge-ordered state. We also observe field-induced ‘annealing’ in the charge-ordered
state due to the partial delocalization of the carriers. A preliminary report of some of the data
has been published previously [18].

2. Experimental details

Samples of La1−xCaxMnO3 with Mn4+ and Ca concentrations as listed in table 1 were prepared
by combining stoichiometric quantities of La2O3, CaCO3, and MnO2 and then calcining at
1000 ◦C. The powder was subsequently fired at 1250◦C and 1350◦C with intermediate
grindings and then pressed into pellets and fired at 1400◦C in flowing oxygen; this was
followed by slow cooling at room temperature. The resulting black pellets were all single
phase as adjudged by powder x-ray diffraction. We determined the Mn4+ content within

Table 1. List of samples.

Sample number Ca content Mn4+ content (%)

1 0.33 37.2
2 0.42 34.8
3 0.48 49.0
4 0.48 53.2
5 0.49 52.8
6 0.50 53.8
7 0.51 53.6
8 0.52 49.2
9 0.52 55.2

10 0.55 58.2
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1% for each sample by redox titration, with the precision determined by running several
(typically 5–10) separate runs on each sample. As a measure of the accuracy of the method,
a sample of La0.79Ca0.21MnO3.1555 (δ = 0.155, determined by thermogravimetric analysis)
was analysed. The redox titration gave a value of Mn4+ = 52.8%, equivalent toδ = 0.159.
The differences between the content of Mn4+ andx probably arise from small (.1%) oxygen
off-stoichiometries. The resistivity was measured by the standard ac four-probe in-line method
and the dc magnetization was measured by a commercial SQUID magnetometer.

3. Temperature-dependent studies

3.1. Data

Figures 1 and 2 show the resistivity and magnetization of the measured samples on warming
and cooling. The samples (see table 1) can be divided into three broad doping regimes.

3.1.1. The low-doping regime.The resistivity and the magnetization of samples 1 and 2, with
x = 0.33 and 0.42, show behaviour typical of the CMR regime in which the ground state is a
FM conductor. The samples display a FM transition atT ∼ 270 K with an accompanying drop
in ρ(T ). The magnetization reaches>80% saturation at low temperature and magnetic fields
greater than 1 T. Moreover,ρ(T ) near the FM transition temperature (Tc) is suppressed greatly
in the presence of an external magnetic field of even a few teslas, and as a result displays a
large magnetoresistance.

Figure 1. The temperature-dependent resistivity atH = 0 T (solid curves) andH = 6 T (solid
circles) on warming and cooling. The corresponding sample number is shown in parentheses.
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Figure 2. The temperature-dependent magnetization atH = 1 T (solid curves) andH = 6 T (solid
circles) on warming and cooling. The corresponding sample number is shown in parentheses.

3.1.2. The intermediate-doping regime.The resistivity data from samples 3→ 9 (see table 1)
at low fields show the effects of charge ordering. On cooling at low fields the magnetization
of the these samples shows a FM transition, but at lower temperature it drops sharply with a
corresponding rise inρ(T ) due to the charge ordering of the Mn4+ and Mn3+ ions. Moreover,
bothρ(T )andM(T )exhibit strong hysteresis, indicating the first-order nature of this transition.
In a moderate applied magnetic field, however,ρ(T ) is suppressed greatly, displaying a large
magnetoresistance. Since the properties of these samples vary greatly, we discuss each in
detail.

(a) Sample 3.The sample withx = 0.48 (Mn4+ = 49%) demonstrates characteristics of
both the low- and the intermediate-doping regime. AtH = 0 the resistivity displays a
sharp drop on cooling atT ∼ 250 K with an accompanying FM transition. At a lower
temperature (T ∼ 180 K)M(T ) drops slightly, a feature which exhibits some hysteresis
on warming in low fields. In fact, at the same temperature,ρ(T ) also appears to rise
slightly on cooling before finally dropping to 50% of its peak value asT → 0. But more
interestingly, on warming it displays an additional peak atT ∼ 160 K and as a result
shows a very strong hysteresis. We believe that these features are due to the reduction in
FM double exchange associated with the onset of charge ordering. The second peak in
ρ(T ) and the hysteresis inρ(T ) andM(T ) disappear atH & 5 T withM(T ) reaching
>80% of its full FM saturation at low temperatures.

(b) Samples 4 and 5.Both samples show the typical characteristics of the intermediate
regime at low fields. Althoughρ(T ) at low fields rises sharply with an accompanying
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drop inM(T ) at the charge-ordering temperature (Tco), ρ(T ) subsequently drops at a
lower temperature (this will be discussed in detail later in the text). Moreover, a large
magnetoresistance is observed atH & 0.5 T. Although samples 4 and 5 qualitatively
behave in a similar fashion at low fields, they behave rather differently at moderate fields
(H > 5 T). While sample 5 undergoes a first-order FM→ charge-ordered transition
demonstrated by the sharp rise and hysteresis inρ(T ) and a sudden drop inM(T ) even at
H ∼ 9 T, sample 4 displays all of the characteristics of the low-doping regime atH & 5 T
(at high fields bothM(T ) andρ(T ) for sample 4 show no hysteresis andM(T ) reaches
>80% FM saturation).

(c) Samples6 → 9. At H . 3 T, ρ(T ) rises steeply due to the charge ordering for all
T < Tco, but at a higher field,ρ(T ) decreases with temperature at temperatures well
below the charge-ordering temperature. Bothρ(T ) andM(T ) remain strongly hysteretic
even in high fields (H = 9 and 7 T respectively), suggesting that the charge lattice does
not quite dissociate even atH ∼ 9 T, which is further demonstrated by the rather high
resistivity of these samples (ρ > 0.1� cm). Samples 6→ 8 exhibit a high moment (in
the FM temperature regime); however,M(T ) reaches less than 50% of their ferromagnetic
saturations even atH ∼ 7 T. Although sample 9 qualitatively behaves like samples 6→ 8,
M(T ) for 0.5 . H . 5 T displays a distinctive second feature on cooling which is also
observed for sample 10 as is discussed below.

3.1.3. The high-doping regime.At x = 0.55, ρ(T ) is activated down to the lowest temp-
eratures. Even atH ∼ 9 T,ρ(T )displays little hysteresis and effectively no magnetoresistance,
suggesting that the sample remains mainly charge ordered even atH ∼ 9 T. The magnetization,
however, exhibits a large hysteresis. On warming it drops sharply atT ∼ 210 K due to the onset
of charge ordering. But on cooling, in addition to the charge-ordering drop forH & 0.5 T,
M(T ) displays a distinctive second feature at a lower temperature,TM (the slope ofM(T )
decreases atT ∼ TM before a subsequent drop). At low fields (H . 0.5 T), however,M(T )
behaves qualitatively like the lower-doping materials (samples 6→ 8). We believe that this
behaviour is due to the presence of FM regions in a largely CO sample, and that these FM
regions undergo a first-order phase transition to a charge-ordered state at a lower temperature
than the bulk of the sample. Moreover, whileTM decreases by∼20 K between 0 and 7 T with
increasing field as illustrated in the inset to figure 3(a),Tco (as indicated by a sharp drop in
M(T )) changes only by∼5 K with the field, suggesting that the bulk of the material remains
charge ordered even at high fields.

3.2. Discussion

3.2.1. The temperature-dependent phase transition.The charge ordering in these materials
is demonstrated by a sharp rise inρ(T ) with a corresponding drop inM(T ). We find thatTco
for samples 4→ 9 changes by∼50 K between warming and cooling, demonstrating the first-
order nature of this transition. The magnetic field delocalizes the eg electrons, and as a result
Tco decreases monotonically with field, as is illustrated in figure 3(b). The charge-ordering
temperature (Tco) also increases monotonically with the Ca content and the actual Mn4+ content
(see figure 3(b)), demonstrating the localization of the JT distortion as the Ca/Mn4+ content
increases from 50%. This is further demonstrated by the much smaller moment and the
apparent absence of a bulk FM state in the samples with higher Mn4+ doping (x = 0.52
(Mn4+ = 55.2%) andx = 0.55 (Mn4+ = 58.2%)).



4848 M Roy et al

(a)

(b)

Figure 3. (a) The charge-ordering temperature (Tco) as a function of field, for sample 6 (x = 0.50
(Mn4+ = 53.8%)) on warming and cooling, obtained from the extremum of d(ln ρ)/dT on cooling
(closed triangles) and on warming (open triangles), and dM/dT on cooling (closed circles) and on
warming (open circles) The inset illustrates the lower transition temperature (TM ) upon cooling of
sample 10 (x = 0.55 (Mn4+ = 58.2%)) as a function of field. (b) The charge-ordering temperature
(Tco) as a function of doping on warming (triangles) and cooling (circles) atH = 0 T, calculated
from the peak of d(ln ρ)/dT .

3.2.2. The importance of both the Ca content and the Mn4+ content. The importance of
both the Ca content and the actual Mn4+ content in the intermediate-doping regime is clearly
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demonstrated in figure 4. There are two pairs of samples with the same Ca doping, samples
3 and 4 withx = 0.48 (Mn4+ = 49% and 53.2%) and samples 8 and 9 withx = 0.52
(Mn4+ = 49.2% and 55.2%). The behaviour of sample 3, withx = 0.48 (Mn4+ = 49%),
is closely related to that of the low-doping regime in that the ground state is FM conducting.
The resistivity first displays a peak at the ferromagneticTc and then drops sharply on cooling
as in the low-doping regime. But on warming it shows an additional maximum associated
with charge ordering, displaying a strong hysteresis. The disappearance of this second peak
in ρ and the fact thatM(T ) reaches its full ferromagnetic saturation atH & 5 T suggest
that the charge-ordered state completely dissociates at high fields. The behaviour of sample
4 is quite different. The zero-field ground state of this sample has high resistivity, and the
suppression of the eg electron-mediated ferromagnetism is further displayed by the sharp drop
in magnetization at low fields. But it is interesting to note that unlike the case for samples
5 → 9, bothρ(T ) andM(T ) indicate a ferromagnetic state with high conductivity at low
temperatures and high fields (H & 5 T). Although the sample properties cannot be determined
by x, the Mn4+ content alone also cannot determine the properties of these materials. This is

Figure 4. An enlarged view of the temperature-dependent magnetization and resistivity of the two
pairs of samples with the same Ca content but different Mn4+ contents (as discussed in the text,
demonstrating the importance of bothx and Mn4+). The bottom two panels showρ(T ) atH = 0 T
(solid curves) andH = 6 T (dotted curves) andM(T ) atH = 1 T. The top panel showsρ(T ) at
H = 0 T and 6 T forx = 0.52 and Mn4+ = 49.2% (solid curves) and 55.2% (dotted curves) and
M(T ) for the same samples atH = 1 T, for Mn4+ = 49.2% (triangles) and 55.2% (circles).
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evident from samples 8 and 9 withx = 52 for whichρ(T ) is similar both qualitatively and
quantitatively even though the Mn4+ content is quite different. The effect of the Mn4+ content
is, however, evident inM(T ), which is quite different for this pair of samples. Sample 8 with
Mn4+ = 49.2% has a magnetizationM(T ) which is qualitatively similar to those of samples
4→ 7 with smallerx. Its ferromagnetic transition temperature (Tc ∼ 243 K) is close to that
of the samples withx ≈ 0.50. By contrast,M(T ) for Mn4+ = 55.2% qualitatively resembles
that of the higher-doping regime, andTc is also significantly lower than for sample 8.

The importance of both the Ca content and the actual Mn4+ content is further illustrated
in figure 5, which shows the variation of the low-temperature resistivity and magnetization
across the doping-dependent metal–insulator transition (MIT). The doping-dependent MIT is
sensitive to both the Ca content and the actual Mn4+ content (as is illustrated in figure 5),
occurring atx ∼ 0.49 but at Mn4+ ∼ 53%. This represents a significant difference, since the
transition width is only∼1%. This difference and the presence of two outlying points in the
plots very strongly suggest that both the Ca content and the actual Mn4+ content are important
in determining the properties of these materials in the intermediate regime.

Figure 5. The metal–insulator transition as a function of Ca and Mn4+ contents as observed through
ρ (T = 60 K,H = 0 T) (solid squares) andM (T = 10 K,H = 1 T) (open circles). The curves
are guides to the eye and the arrows indicate the samples which are inconsistent with the general
trends as discussed in the text. The shaded regions give an estimated maximum range for the MIT
based on the precision of our knowledge of the Mn4+ and Ca contents and the slope of the data.
Reprinted from [18].

3.2.3. Low-temperature behaviour.At low temperatures, samples 4→ 9 show very large
magnetoresistances in the presence of magnetic fields of even a few teslas. This large magneto-
resistance has been explained as the dissociation or ‘melting’ of the charge lattice due to the
enhancement of double exchange with a field leading to the delocalization of the eg electrons.
In addition to the large magnetoresistance,ρ(T ) reaches a maximum at a temperature well
below the charge-ordering temperature and subsequently drops with decreasing temperature
asT → 0. This feature is shown by all of the samples withx > 0.50 in sufficiently high fields
(except forx = 0.55) and by samples 3, 4, and 5 even atH = 0. As can be seen in figure 6, the
extent of this decrease and the temperature range increase with applied field or lower Ca doping.
This behaviour is particularly interesting as it suggests the onset of some metallic behaviour



A study of the crossover region of La0.5±δCa0.5∓δMnO3 4851

(a)

(b)

Figure 6. (a) A linear-scale plot ofρ(T ) for x = 0.50 atH = 3 T (solid squares),H = 6 T
(open circles),H = 9 T (solid triangles) (data at 3 T are divided by a factor of 10 000 and data at
6 T by a factor of 25). The inset illustrates the best fit to low-temperatureρ(T ) atH = 0 T with
the simple activated formρ = C exp[D/T ] (dashed curves) and the variable-range-hopping form
ρ = C exp[(D/T )1/4] (solid curves) forx = 0.50 and 0.55. (b) A linear-scale plot ofρ(T ) at
H = 6 T for x = 0.49 (solid squares), 0.50 (solid circles), 0.51 (solid triangles) (data atx = 0.50
are divided by a factor of 10 and data atx = 0.51 by a factor of 30). The solid curves are fits to
the data as discussed in the text.
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even in the charge-ordered AFM state, and can also be observed in previously published data,
including some taken for high-quality single crystals [14,19,20].

We attempt to model this behaviour with a form ofρ(T ) based on the coexistence of
a small population of free carriers in the charge-ordered state. Such a coexistence is very
clearly demonstrated by the presence of two peaks inρ(T ) at low fields for sample 3. In
fact, atH = 9 T even the sample withx = 0.50 displays a second feature on cooling at a
higher temperature (see figure 6(a)) associated with the FM transition. We assume the total
conductivity belowTco to be due to the parallel conduction through activated hopping [21]
of excitations in the charge lattice (σ = C exp−(D/T )1/4) and by a small population of
free carriers (ρ = A + BT 2.5) whereA andB correspond to scattering by defects, and by a
combination of phonons, electrons, and spin fluctuations and the exponent of 2.5 is an empirical
fit [7]. In this form,ρ can be written as

1/ρ = 1/(A +BT 2.5) +C exp−(D/T )1/4. (1)

We chose the conduction in the charge lattice to be by variable-range hopping (σ =
C exp−(D/T )1/4) instead of simple activated conduction (σ = C exp(−D/T ), as a simple
activated form does not fit the data as well as the variable-range-hopping form (see the inset
to figure 6(a)). The above equation fits our data rather well for different values ofx as well as
at different fields as illustrated in figure 6.

We can analyse the results of the fits at different fields by consideringA andB within the
structure of a simple Drude model in which we expect

1/ρ ∝ 1/nτ (2)

whereτ is the scattering time, andn is the number of free carriers. On the basis of this model
we expect the temperature-dependent and temperature-independent scattering coefficients to
be inversely proportional to the number of free carriers and the scattering time. BothA(H) and
B(H) change by orders of magnitude with the field (see figure 7(a)) even though the quotient
A/B remains independent of the field. The temperature-independent scattering centres are
independent of the field, implying thatA(H) depends on the field only through the number
of free carriers, and therefore the number of free carriers is very strongly field dependent.
Moreover, empiricallyA(H) ∝ B(H), suggesting thatB(H) also depends on the external
magnetic field only through the number of carriers. The facts thatA(H) ∝ B(H) and both
decrease with increasing field (see figure 7(a)) suggest that the large magnetoresistance is due
to the increase in the number of carriers rather than the decrease in scattering.

Sinceτ appears to be largely field independent, we can make a rough estimate of how the
carrier density varies with the external field. If we assume that the sample withx = 0.42 has
≈0.42 carriers/formula unit, we can estimate the field-independent scattering timeτ associated
with B to obtain an approximate number density of the sample withx = 0.50. A plot of this
approximate number densityn(H) (see the inset to figure 7(a)) illustrates that even atH ∼ 9 T,
n(H)only reaches∼1% of its maximum value, indicating that the charge lattice remains largely
intact.

The charge lattice orders more effectively asx and the Mn4+ content increase. Since the
localization of the JT distortion suppresses the number of free carriers, both of the scattering
coefficientsA andB are [22] expected to increase withx and Mn4+, and indeed this is the
case (see figure 8). The variable-range-hopping parametersC andD [22] characterize the
localization of the (charge-ordered) carriers [23]. Figures 7(b) and 8 show the fit parametersC

andD as functions of field and doping. These figures suggest that the charge lattice delocalizes
in the presence of either external fields or slight Ca or Mn4+ underdoping nearx ≈ 0.50.
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(a)

(b)

Figure 7. (a) The fit parametersA (� cm) andB (� cm K−2.5) as functions of field. The inset
shows the approximate number density per molar volume of free carriers forx = 0.50 as discussed
in the text. (b) The fit parametersC andD as functions of field.

4. Field-dependent studies

The rare-earth manganites are known to show unusual behaviour when the applied magnetic
field is swept [1, 12, 19, 24–26], and the results for our samples are shown in figure 9. The
samples were zero-field cooled (ZFC) to the prescribed temperature, and thenρ(T ,H) and
M(T,H)were measured in a sweeping field (0→ Hmax ,Hmax →−Hmax ,−Hmax → Hmax),
whereHmax = 9 T and 7 T respectively.
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Figure 8. The fit parameters as functions of doping, atH = 0 T (closed symbols) andH = 6 T
(open symbols).

The samples in the lower-doping regime (samples 1 and 2) show the distinctive features
of the CMR regime. At low temperatures(T � Tc), the magnetization increases very sharply
with an accompanying sharp drop inρ(H) at low fields,H . Hk (the slope ofM(H) changes
abruptly atH ∼ Hk). However, at higher fields,ρ(H) decreases gradually with increasing
field andM(H) reaches>80% of its full FM saturation. This behaviour has been observed
previously for polycrystalline samples of other low-doping manganites [7, 24, 26], and it is
associated with grain boundary or domain wall scattering.

At low temperatures (i.e.T = 5 K), where the conduction is mostly by the free carriers,
sample 3 shows the characteristics of the low-doping regime when the field is swept for the first
time. The magnetization increases sharply at low fields(H < Hk)with an accompanying sharp
drop inρ. On decreasing the field, even thoughρ increases, it never reaches the magnitude
of the initial sweep and the resistivity during the subsequent field sweeps does not display
any hysteresis. At intermediate temperatures (i.e.T = 77 K), both the resistivity and the
magnetization display some hysteresis; however, they exhibit no difference between the initial
sweep and the subsequent field sweep from 0→ 9 T after a complete magnetic field loop.
At high temperatures(T < Tco), where the charge lattice is largely dissociated, neitherρ(H)

norM(H) exhibits any hysteresis, and in fact bothρ(H) andM(H) qualitatively display the
features of the high-temperature(T > Tc) characteristics of the samples in the low-doping
regime.

Both the resistivity and the magnetization of the samples 4→ 9 show features which are
distinct from those of the lower- or higher-doping regimes. At low temperature (T . 70 K,
depending on the sample), these materials appear to undergo a MIT atH ∼ HMI . This
is demonstrated by the sharp drop inρ at H < HMI accompanied by a sharp rise in the
magnetization (see figure 9(b). However, atH > HMI the change inρ(H) andM(H) is much
more gradual. While the magnetization during the subsequent field sweeps remains unchanged,
ρ remains orders of magnitude lower than for the initial sweep. This suggests that the once the
electrons are delocalized by an external magnetic field, they remain mostly delocalized even
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(a)

Figure 9. The resistivity and magnetization at different temperatures upon sweeping the field.
The samples were all zero-field cooled, then the field was swept from 0→ Hmax (solid circles
and curves),Hmax → 0 → −Hmax (dotted curves), and−Hmax → 0 → Hmax (solid curves),
whereHmax = 9 T for ρ(T ,H) and 7 T forM(T,H); (a) sample 1,x = 0.42 (Mn4+ = 34.8%),
(b) sample 5,x = 0.49 (Mn4+ = 52.8%), (c) sample 10,x = 0.55 (Mn4+ = 58.2%).

when the field is removed. This feature has been seen for other charge-ordered manganites
(see for example [12,20]).

In samples 4→ 9 at intermediate temperatures (70 K. T . 160 K, depending on the
sample), where the transport is dominated by the charge-ordered electrons even atH ∼ 9 T,
the magnetization rises sharply atH < Hk and then increases gradually with field and exhibits
little hysteresis, whereas the resistivity displays a strong hysteresis. The resistivity decreases
smoothly with increasing field and does not display any abrupt jump as at low temperatures.
On decreasing the field, however,ρ(H) increases and first remains lower than in the initial
sweep, but at lower fields (H . 1 T) it rises above initial sweep, so the resistivity atH = 0
is higher than in the initial ZFC sweep. This feature is also exhibited by sample 10, which
remains activated down to the lowest temperatures [27] even atH ∼ 9 T (see figure 9(c)),
although not only doesρ cross over the initial sweep at a higher field (H . 3 T), but also the
drop inρ with field is not as sharp (as is demonstrated by the roundedness of the data). This
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(b)

Figure 9. (Continued)

behaviour was also observed in data for high-quality samples of Pr0.50Sr0.50MnO3 [19], and
therefore appears to be intrinsic to some materials withx ≈ 0.50. In fact, in the intermediate-
temperature regime,ρ at low fields increases with subsequent field sweeps. We speculate
that this increase inρ at low fields is due to a field-induced ‘annealing’ of the charge-ordered
state; i.e. by sweeping the field up and back to zero, more perfect charge-ordered states with
correspondingly higher resistivity are created.

For samples 4→ 10 nearTco, both ρ(H) andM(H) show hysteresis, although no
difference between the initial sweep and the subsequent rise in the field after a complete
magnetic field loop is displayed by either of them. AtT > Tco, the magnetization increases
sharply atH < Hk with a corresponding relatively sharp drop in resistivity. But at a higher
temperature(T � Tco), bothρ(H) andM(H) change gradually with field and neither of
them displays any hysteresis. In fact,Hk decreases with increasing temperature and eventually
becomes zero, which is illustrated by the typical paramagnetic characteristics ofM(H) and
the roundedness of the resistivity data at low fields.
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(c)

Figure 9. (Continued)

5. Conclusions

In conclusion, we have performed a careful study of the properties of La1−xCaxMnO3 in the
regime near the doping-induced MIT(x ∼ 0.50). We find that the properties are highly
sensitive to both the exact Ca and Mn4+ contents. More importantly, we find that the electronic
transport properties of these materials in this regime can be understood within a model of
coexistence of free carriers and real-space charge ordering. On the basis of our data, the
‘melting’ of the charge order by application of a magnetic field appears to progress through
an increase in the number of free carriers. Such a coexistence at exactlyx ≈ 0.50 has
also been observed in recent TEM and optical work [28], and has also been suggested from
Mössbauer [29] and NMR studies [30].

Our data suggest that the coexistence of charge order and free carriers persists to both
lower and higher doping nearx ∼ 0.50, which implies that the properties of the materials even
in the ferromagnetic regime at lower doping are probably affected by the presence of small
regimes of phase-separated charge order. Indeed, such phase separation forms the basis for



4858 M Roy et al

recent theoretical efforts, which have been quite successful in describing these materials [31].
Future studies will include a more detailed examination of the properties of these materials
across the MIT with better-controlled samples more finely spaced in doping and Mn4+ content.
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