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Abstract. The transport properties of the La;_,Ca,MnO3 (0.5 < z < 1) system in magnetic fields up
to 14 T were studied. We found that the relationship between the charge ordering temperature Tco and
Mn**t content Nyma+ obeys the formula Tco/Tmax = 1 — a(Nyat+ — n0)2, here ng and a are constants and
Tmax is the maximum of Tco. For x = 0.65, Tco arrives at the maximum value of 249.5 K in zero magnetic
field, while the charge ordered (CO) state is most stable around = = 0.75. For x = 0.5 when H < 6 T the
resistivity displays Mott’s variable-range hopping (VRH) behavior, when 6 < H < 12 T it is suggested
that two kinds of conduction mechanism, i.e., VRH and magnetic polarons, coexist in the material, and
when H > 12 T the resistivity shows metallic-like behavior and the transport mechanism is attributed to
coexistence of magnetic polarons and free carriers. For z = 0.95, the conduction mechanism accords with

the coexistence of VRH and magnetic polarons.

PACS. 72.20.Ht High-field and nonlinear effects — 72.60.+g Mixed conductivity and conductivity

transitions

1 Introduction

Currently, a large fraction of the work on mixed-
valance manganites with the perovskite structure fo-
cuses on intermediate bandwidth materials, especially the
La;_,Ca;MnO3 system, since they present the largest
negative colossal magnetoresistance (CMR) effects. For a
broad doping range in La;_,Ca,MnOs3, 0.2 < z < 0.5,
there is an insulating-metallic (IM) transition associated
with a paramagnetic (PM)-ferromagnetic (FM) transition,
which has been traditionally explained in terms of the
double exchange (DE) mechanism [1]. However recently
detailed work has shown that DE alone is insufficient to
account for the rich variety of phenomena found in these
compounds, such as the charge ordered (CO) state in the
region from x = 0.50 to z = 0.87 and other perovskite
structure manganites [2-6]. The CO state at x = 0.50 was
already described by Wollan and Koehler as a CE-state
in 1955 [7]. Recently, a considerable amount of work has
confirmed the coexistence of the FM and CO states. For
example, the work by Chen and Cheong [8] and Radaelli
et al. [9] using electron and X-ray diffraction experiments
manifested this coexistence in a narrow temperature win-
dow of Lag 5CagsMnOs. Further studies [10-12] showed
that this mixture of FM and CO phases arises from an in-
homogeneous spatial mixture of incommensurate charge-
ordered and ferromagnetic charge-ordered microdomains,
with a size of 20-30 nm. Roy et al. [13,14] analyzed mag-
netization, resistivity, and specific heat data, and con-
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cluded that in a narrow region of hole densities centered
at x = 0.5 two types of carriers coexisted: localized and
free, and at high magnetic field the CO state can col-
lapse to a metallic state. For x > 0.50 , the CO state
seems to become more stable. For example [14,15], for
x = 0.55 a field of 9 T is not high enough to destabi-
lize the CO state, and for = 0.65 a 12 T field is not
sufficient to induce the metallic state. For 0.87 < =z < 1,
there is ferromagnetic-like order, which can be denoted
as canted anti-ferromagnetic (CAF) state [16]. Some work
shows that in this state magnetization is most enhanced
and negative magnetoresistance is obvious [16,17]. Despite
all these works about 0.50 < x < 1, how the CO and CAF
states behave in high magnetic fields with increasing =,
such as the magnetic field dependencies of Tco and CAF
temperature Tcar, is not very clear. Furthermore how the
transport mechanism changes with the application of mag-
netic field in CO and CAF states is also unclear.

In this paper, the transport properties for
La;_,Ca,MnOs3 (0.50 < 2 < 1) in magnetic fields
up to 14 T were studied and the conduction mechanism
is discussed.

2 Experimental

Polycrystalline samples of La; —,Ca,MnO3 (0.50 < z < 1)
were prepared by a standard solid-state reaction method.
A stoichiometric mixture of high purity LasOs (baked
above 800 °C for 2h), CaCOg3, and MnOs was ground
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Fig. 1. Temperature dependencies of resistivity (p) and its
logarithmic derivative, dln p/dT ', in different magnetic fields
for z = 0.5, 0.55, 0.75, 0.87, 0.90, and 0.95.

and calcined at 1200 °C for 24 h. The reactant was re-
ground intermediately and pressed into pellets for sinter-
ing at 1300 °C for 24 h, then was cooled down to room
temperature in the furnace. The powder X-ray diffraction
patterns were recorded by a MacScience MAXP18AHF
diffractometer using Cu K, radiation. The XRD patterns
show that all the samples are of single phase. The resis-
tivity was measured by a standard four-probe technique
heating to the room temperature at a rate of 2 K/min.

3 Result and discussion

Figure 1 shows the temperature dependencies of resistivity
(p~T)and dInp/dT~ ~ T curves for La;_,Ca,MnOs3
(x = 0.5, 0.55, 0.75, 0.87, 0.90, and 0.95) in different mag-
netic fields (H) up to 14 T. Tco and Tcar are deter-
mined from the peak temperatures of the d In p/dT~* ~ T
curves [18]. For z = 0.75 the resistivity does not change
even when H = 14 T, but all other resistivities become
smaller with the application of H when T' < Tco (for
0.5 <z <0.87) and T < Tcar (for z = 0.90 and 0.95).
Note that for x = 0.5, the resistivity shows a metallic like
behavior as H > 12 T.
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Fig. 2. (a) The relation between Mn*t content and ATco for
0.50 < z < 0.87 . The solid line is a guide for eyes; (b) Vari-
ations of Teo with Mn*T content in different magnetic fields
for 0.50 < x < 0.87. The symbols are experimental data and
the lines are fitted results using equation (1).

Figure 2a shows the relation between the Mn*t con-
tent and ATco(ATCO = Tco(o T) — Tco(14 T) When
x < 0.75, ATco decreases with increasing Mn** content,
but when = > 0.75, ATco increases with increasing Mn*+
content. It implies that the CO state is most stable at
z = 0.75. The Mn** content dependencies of Tco for
H =0, 4, 6,8, and 10 T are shown in Figure 2b. It is
interesting that the relation between Tco and Mn** con-
tent can be described as:

—no)” (1)

where nyma+ is the Mn*t content, ng is the content of
Mn** when Tco = Timax, and a is a constant, which is sim-
ilar to the relation between T of high T-superconductor
and carrier density n [19,20]. As can be seen from Fig-
ure 2b, the calculated results (lines) using equation (1) fit
our experimental data (symbols) well. It is noted that at
zero field ng = 0.65 and Ta.x = 249.5 K. With increasing
magnetic fields ng increases and Ti,a.x decreases slightly.
For ng = 0.65 the CO state is not the strongest and its
Tco will shift to low temperature region due to the sup-
pression of the CO state in magnetic fields. Then T ax
will decrease and may appear at a ng with a more stable
CO state with increasing magnetic fields. So it is reason-
able that ng increases towards 0.75 where the CO state
is the strongest, in fact when H = 10T, ng = 0.68 and
Tax = 246.5 K.

The magnetic field dependencies of Tcap for x = 0.9
and 0.95 are contrary to that of Tco for 0.5 < x < 0.87.

TCO/Tmax =1- a(nMn4+
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Fig. 3. The magnetic field dependencies of Tcar for z = 0.90
and 0.95.
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4. (a) Temperature dependencies of MR for z = 0.5 when
4,6, and 8 T; (b) Temperature dependencies of M R when
14 T for 0.50 < x < 0.95.

Tcar shifts to the high temperature region with increas-
ing magnetic fields as shown in Figure 3. It may be due
to that the ferromagnetic-like order in the CAF state is
strengthened by magnetic fields.

The MR vs. T curves are plotted in Figure 4. Here
the MR is defined by Ap/p = [p(0) — p(H)]/p(H), p(0)
and p(H) are the resistivity values in zero and a certain
magnetic field, respectively. As shown in Figure 4a, for
x = 0.50, when H = 4, 6, and 8 T the MR curves have
peaks at 190, 170, and 131 K, respectively. However, the
MR curve at 14 T rises steeply with decreasing tempera-
ture and does not have such a peak, suggesting that the
transport mechanism for x = 0.5 in high magnetic fields is
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Fig. 5. (a) In(p) versus T~*/* in different magnetic fields for
z = 0.5. (b) Temperature dependencies of resistivity for z =
0.5 when H = 8 and 10 T. (c¢) Temperature dependencies of
resistivity for # = 0.5 when H = 13 and 14 T. (The symbols
are experimental data and the lines are the fitting results.)
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different from that in low magnetic fields. The M R curves
of 14 T for = 0.80, 0.83, and 0.87 (Fig. 4b) also have the
peaks at 185, 173, and 117 K, respectively. All these peak
temperatures for different compositions are around their
own Tco. These results mean that the charge localization
around Tco is sensitive to magnetic fields.

In order to analyze the transport properties more
clearly, we replotted the p ~ T curves for x = 0.5 as
Inp ~ T~* in Figure 5a. It is found that when H = 0,
2, and 4 T, the experimental data at low temperatures
(T < 160 K) show linear dependencies quite well, which
suggests that the low-temperature resistivity accords with
Mott’s variable-range hopping (VRH) model [21], namely

pco = poexp(To/T)4. (2)

However when H = 6 T, the experimental data deviate
from the linear behavior as shown in Figure 5a, which
is probably caused by the interaction between ferromag-
netic (FM) clusters at high magnetic fields. The existence
of FM clusters in Lag.5Cag.5s MnO3 has been confirmed by
many other experiments [9-14]. These FM clusters are as-
sociated with the lattice distortion (small polaron). For
larger magnetic fields, the short-range FM interactions
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among them can induce magnetic polarization [22] and
the size of FM clusters will increase. So the conduction
between the FM clusters can be understood as the conduc-
tion from magnetic polarons: charge carriers accompanied
by a localized (and magnetically polarized) distortion of
the surrounding crystal lattice [23], which are universally
proposed as the hopping motion of small polarons [24,25]
and defined as ppym = AT exp(E/kgT) [21]. Since in the
material the FM and CO clusters coexist and constitute a
parallel connection in the temperature region below Tco
in high magnetic fields, two different kinds of conduction
mechanism: VRH and magnetic polarons coexist in the
material and the resistivity below Tco can be described
by the following formula:

_ PFM PCO
PFM + pPco

We fitted the p ~ T curves at fields 8 and 10 T, and
the results are plotted as lines in Figure 5b. It can be
seen that the lines are in good agreement with the experi-
mental data (open circles) below Tco. The value of Ty for
x = 0.5 decreases with increasing magnetic fields as shown
in Figure 7. In the theory of VRH, Ty « o?/kgN(Er),
where a~! is the localization length, kg is the Boltzmann
constant, and N(Er) is the density of localized states at
Fermi level. It is supposed that the change of N(Er) with
applied magnetic fields could not account for the great
decrease of Ty. The decrease of T, implies the increase
of localization length o=! which leads the delocalization.
The abrupt drop of Ty at 8 T shows that the growth of
FM clusters suppresses the CO state or strengthens the
delocalization efficiently.

When H > 12 T, the volume fraction of the FM clus-
ters is so large that the clusters connect with each other,
which results in the collapse of the CO state and the sys-
tem shows metallic like properties. It is assumed that the
conduction of the metallic region is from a small pop-
ulation of free carriers and the resistivity follows py =
A + BT?® where A and B 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 [26]. In this form, the total resistivity of the material
is due to the parallel conduction of ppy and pyp, so p can
be written as

(3)

1/p=1/(A+ BT*®) + % exp[—(E/ksT)].  (4)
This equation fits the resistivity with H = 13 and 14 T
well, as shown in Figure 5c.

For = = 0.95, the experimental data below Tcar can
be fitted well using equation (3), as shown in Figure 6. So
it is suggested that the conduction of the ferromagnetic-
like order in the CAF state is also dominated by magnetic
polarons and the background accords with VRH model.
Note that Ty (shown in Fig. 7) is smaller than that for
x = 0.5 and decreases dramatically with increasing mag-
netic fields. The small value of Ty implies that in the CAF
state the localization is weaker than that in the CO state.
The sharp decrease of T with increasing magnetic fields
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Fig. 6. Temperature dependencies of resistivity in different
magnetic fields for z = 0.95. The symbols are experimental
data and the lines represent the fitting results using equa-
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Fig. 7. The magnetic field dependencies of Ty for x = 0.5 and
x = 0.95.

also means that the localization length increases rapidly
while the delocalization is greatly strengthened. This may
be the reason for the obvious negative magnetoresistance
in the CAF state for x = 0.95.

In conclusion, we report the results of comprehensive
magneto-transport property study for the high Ca concen-
tration range of perovskite Laj_,Ca,MnOgs (0.5 < z < 1).
Especially it is found that the field dependence of Tco
obeys the formula Tco/Tmax = 1 — a(nyma+ — ng)?. For
x = 0.65, Too arrives the maximum value 249.5 K in
zero magnetic field, while the charge ordered (CO) state
is most stable around x = 0.75. We also discussed the
transport mechanism for = 0.5 and 0.95 using the phase
separation theory.

This work was supported by National Natural Science Foun-
dation of China and the Ministry of Science and Technology
of China.
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