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Abstract

Temperature-dependent magnetization, magnetoresistance and magneto-thermoelectric power of the K doped

La1�xCax�yKyMnO3 type samples with x ¼ 0:3 and 0pyp0:15 has been studied. All the samples exhibit sharp metal–

insulator transition (MIT) around Tp accompanied by a ferromagnetic (metallic) to paramagnetic (semiconducting)

phase transition with a well-defined Curie temperature TC (almost equal to Tp). Doping of monovalent K in the

divalent Ca site of La1�xCax�yKyMnO3 drives the system from a high resistivity regime with lower Tp to a lower

resistivity regime with higher Tp: Systematic increase of Curie temperature with increase of K doing is observed from

the magnetization measurement down to 5K. Low temperature resistivity (r) and thermoelectric power (Seebeck

coefficient, S) data well fit the relations r ¼ r0 þ r2T
2 and S ¼ S0 þ S3=2T

3=2 þ S4T
4; respectively, signifying the

importance of electron–magnon scattering process (r2T
2 and S3=2T

3=2 term). On the other hand, the high temperature

(T > Tp upto 320K) conductivity data satisfy the variable range hopping (VRH) model. For T > 320K small polaron

hopping model is more appropriate than the VRH model. High temperature thermoelectric power (TEP) data also

indicates the formation of thermally activated small polarons. Even with very small change of y; the density of states at
the Fermi level NðEFÞ changes considerably. The magnetotransport properties have been measured under pulsed

magnetic field of microsecond duration. The decay time of the magnetic pulse within the sample (i) varies with field

strength, which indicates that with change of magnetic field, ordering of the spin in the ferromagnetic regime changes.
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1. Introduction

Colossal magnetoresistivity (CMR) in manga-
nites is an example in which spin, charge and
d.
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lattice degrees of freedom conspire to produce a
dramatic effect. This system exhibits many sig-
nificant properties like metal–insulator transition
(MIT), ferromagnetic (FM)—paramagnetic (PM)
phase change, charge and orbital ordering (CO
and OO), etc. depending on the charge density,
temperature and atomic structure. Zener proposed
that the spin structure and the electronic proper-
ties of R1�xAxMnO3 (R=rare earth metal, A=
divalent element) were correlated via the double-
exchange (DE) mechanism controlled by the
motion of the eg electrons from Mn3+ to Mn4+

sites [1]. However, Millis et al. [2] argued that the
physics of manganites is dominated by the inter-
play between a strong electron–phonon coupling
and the large Hund coupling effect that optimizes
the electronic kinetic energy by the generation of a
FM phase. Theoretically, they proved that the
effective coupling leff ð¼ EJT=teff Þ dominates the
physics of the manganites, where EJT is the static
trapping energy and teff is an effective hopping
that is temperature-dependent following DE:
Above the Curie temperature (TC), leff could be
greater than the critical value that leads to
insulating behavior due to electron localization
(caused by the splitting of the degenerate eg levels
at MnO6 octahedra). Below TC; leff becomes
smaller than the critical value and hence metallic
behavior is induced. Moreover, other factors viz.
average sizes of the R and A site cations, mismatch
effect, vacancy in R and Mn sites and the oxygen
stoichiometry [3] also play a crucial role. Till now,
most of the studies had been concentrated on the
divalent ion doped R1�xAxMnO3 (A ¼ Ca; Sr, Pb,
Ba, etc.) compounds and many of these samples
crystallize in an orthorhombically distorted per-
ovskite structure (O0-type; c=2oaob; space group
Pbmn) with a cooperative ordering of Jahn–Teller
distorted Mn3+O6 octahedra [4]. In contrast, there
are only few reports of monovalent alkali-metal
ion doped compounds [5–8]. Monovalent alkali
doping on LaMnO3 can lead to different con-
sequences. Because of the larger valence difference
between La3+ and alkali-metal ions [7], fewer
impurity ions (K ions) are needed to achieve a
specific carrier concentration and larger random-
potential fluctuations are experienced by the
electrons in the s�-bond. Consequently, it will
cause less inhomogeneity. Since the valence state
of the alkali-metal ions is +1, substitution of these
ions affect the ratio of Mn3þðt32ge

1
g : S ¼ 2Þ and

Mn4þðt32ge
0
g: S ¼ 3=2) ions which ultimately also

affects the DE mechanism.
In this paper, we have used pulsed magnetic field

of short duration to study the transport properties
of the selected samples, which gives identical
results with those obtained under DC magnetic
field. Earlier Date [9] used a single pulse to study
magnetization and resistivity at different magnetic
field. Obviously, the advantage of the pulsed field
technique is that one can measure transport and
magnetic properties low and high magnetic fields,
using relatively an easy process without using
superconducting magnet. Moreover, in the present
experimental setup, data can be collected within
very short interval of time so that heating effect
due to eddy current is not very effective [9].
In this work, we have prepared a novel

manganite series La1�xCaxMnO3 where Ca
2+ ions

have been partially replaced by K+ ions. Experi-
mental data both in the high temperature (T > Tp)
and low temperature (ToTp) phases have been
analyzed with theoretical models used in our
earlier work [10,11]. Momentary excitation of the
magnetic spins with pulsed field and the corre-
sponding time of their return to the normal state
(relaxation time) has also been measured indicat-
ing spin ordering in the sample.
2. Experimental

2.1. Sample preparation

La1�xCax�yKyMnO3 type samples (with x ¼ 0:3
and y ¼ 0:0; 0.05, 0.1, 0.15) were prepared by a
standard ceramic processing technique [12]. Well-
mixed stoichiometric mixtures of La2O3, CaO,
K2CO3 and (CH3COO)2Mn, 4H2O (each of purity
>99%) were first heated to 773K and then to
1073K for 5 h with intermediate grinding and then
again annealing at 1173K for 48 h. The sintered
powder thus obtained was ground, palletized and
annealed again at 1073K for 72 h and then furnace
cooled to room temperature. X-ray powder
diffraction study has been made with CuKa
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radiation for structural study and the magnetiza-
tion of the samples are measured by a SQUID
magnetometer in the temperature range 4–300K.

2.2. Arrangement for resistivity measurement under

pulsed magnetic field

For the magnetoresistance study under pulsed
field, we used a lab-made setup of a pulsed
magnetic field produced in an air-core solenoid
coil by sudden discharge of a capacitor bank
(Fig. 1). The sample was mounted on the tail-end
part of the modified closed cycle helium cryostat
(Displex, Air Products). For good electrical con-
tacts gold electrodes (films) were first made on the
sample surface by vacuum sputtering technique
and the electrical contacts of the leads and the
sample were made with good-quality quickly
drying silver paints. To avoid the induction effect
(spurious) that arises due to the introduction of a
low resistive sample into the magnetic field, data
were taken at the peak of the pulsed field where
induction effect is zero. The sample placed nearly
at the center of the solenoid coil feels a pulsed
Fig. 1. Circuit diagram for pulsed magnetic field generation. M: Mag

storage oscilloscope.
magnetic field in a vertical direction whenever a
surge of current passes through the coil. The
capacitor voltage is changed with the help of a
variac to get different magnetic field strengths. In
the present case, we have measured with a
maximum magnetic field of 3.2 T and between
350 and 15K. The peak value of the magnetic field
is measured utilizing the procedure discussed
elsewhere [12]. To minimize the heating effect
due to eddy current produced by pulse field, the
sample was mounted in parallel to the direction of
magnetic field so that the effective area of the
sample perpendicular to the field is very small [9].
3. Results and discussion

3.1. Structural studies with X-ray diffraction

X-ray powder diffraction (XRD) data of the
samples at room temperature were recorded in a
Philips PW1710 diffractometer using CuKa radia-
tion with Ni filter. The XRD pattern of two
samples one without K (y ¼ 0:0) and the other
net coil, CM: Main capacitor and Q: Quartz tube, CRO: Digital
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Fig. 2. XRD pattern of the sample La1�xCax�yKyMnO3 taken

at room temperature with CuKa radiation: (a) with x ¼ 0:3 and
y ¼ 0:0 and (b) with x ¼ 0:3 and y ¼ 0:15:

able 1

rystallographic data of La0.7Ca0.3�yKyMnO3

a ( (A) b ( (A) c ( (A) a (deg) Structure

.0 5.47 7.736 5.497 — Orthorhombic (Pbmn)

.05 5.46 7.728 5.501 — Orthorhombic (Pnma)

.10 5.50 — — 60.32 Rhombohedral (R %3c)

.15 5.54 — — 60.27 Rhombohedral (R %3c)
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T

C

y

0

0

0

0

with 15% K substitutions are shown in Fig. 2(a)
and (b), respectively. It is clear from the diffraction
pattern that the synthesized samples are single
phase with no measurable impurity phases. Struc-
tural analyses of the samples were performed using
the program DBWS. The refined values of the
structural parameters are given in Table 1. It was
observed that the undoped sample (y ¼ 0:0) and
the sample with 5% potassium shows an orthor-
hombic perovskite structure. Space group Pbmn
and Pnma were, respectively, used in the refine-
ment whereas, R %3c space group in the hexagonal
axes was used for the other two K doped samples.
It is clear from the analysis that K doping induces
rhombohedral distortion, which is consistent with
the previously reported results [5,6]. The transition
from the orthorhombic phase to the rhombohedral
phase due to K doping indicates that structural
disorder decreases and hence Mn–O–Mn bond
angle increases. The distortion in the MnO6

octahedron becomes less with the Mn–O–Mn
bond angle moving towards 180�. Less distortion
in the crystal structure reduces the possibility of
charge localization and hence samples become
more conducting, which is further supported by
resistivity data. In this regard it should be
mentioned that Roy et al. [8] have shown that
for the La1�xNaxMnO3 systems, increased Na
doping drives the structure to become more cubic,
resulting in an increase of the one-electron
bandwidth. Consequently, the possibility of great-
er overlapping is increased and hence greater
conductivity is observed.

3.2. Magnetic properties

Fig. 3(a) shows the temperature-dependent
magnetization (M) obtained in the zero-field-
cooled (ZFC) and field-cooled (FC) processes with
an applied field of 0.01 T for two typical samples
(y ¼ 0:0 and 0.10). The ZFC curve indicates the
samples undergo a paramagnetic (PM) to FM
phase transition and like Tp (discussed later), the
Curie temperature TC also increases with increas-
ing K doping. This is explained by considering that
with increasing K doping concentration (y), the
ratio of Mn4+/Mn3+ increases (discussed later)
which favors the ferromagnetic DE interaction.
The number of ferromagnetically aligned domains
supercedes the paramagnetically aligned back-
ground and hence percolation threshold is attained
with increasing K doping. Hence the compound
becomes FM throughout the temperature range.
We also see from the data that magnetization
almost saturates for yX0:1 and the net magnetic
moment decreases with further increase of y (Fig.
3(b)). Almost similar result was explained by Roy
et al. [8] as the completion of rhombohedral phase
for yX0:1 that contributes to the magnetization.
In the high doping regime the increase in Mn4+

ions favors the antiferromagnetic super-exchange
interaction (Mn4+–O–Mn4+) over the DE inter-
action and hence magnetization decreases. The FC
and ZFC data do not coincide at low temperatures
indicating the presence of some randomly frozen in
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Fig. 3. (a) Zero field cooled (ZFC) and field cooled (FC)

magnetization (M) at 0.1T of La0.7Ca0.3�yKyMnO3 (y ¼ 0:0
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La0.7Ca0.3�yKyMnO3 for different K concentrations (y) at

1000G.
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magnetic clusters. This illustrates that there are
possibly large ferromagnetic regions with multi-
domain structure and magnetic clusters for
ToTC: With increasing magnetic field the mag-
netic moment value increases rapidly which can be
attributed to the FM domain growth under
applied field. For a similar kind of sample
La0.82K0.08MnO2.89 (LKMO), Das et al. [13] have
shown that the resultant moment at 14K is canted
at an angle of B25–27� with respect to [0 0 1]
crystallographic axis. The moment values obtained
from the magnetization measurements are con-
siderably lower than the values expected for fully
aligned Mn spins, which could be due to the
disorder induced by the lanthanum and oxygen
vacancies. In the low temperature ferromagnetic
phase, an anomaly in the magnetic moment is seen
around 40K for all the samples. Such an anomaly
has also been reported earlier in composites of
La–Ca–Mn–O with SrTiO3 [14] as well as in some
substituted La–Ca–Mn–O system. Ju and Shon
[15] explained this anomaly on the basis of local
microscopic magnetic inhomogeneties arising from
the variation in the Mn oxidation state. On the
other hand, in Ce doped La–Sr–Mn–O compo-
sites, this type of kink has been explained on the
basis of the presence of the paramagnetic MnO2

phase in the compound [16]. In the resistivity vs.
temperature plot (Fig. 4 shown later) a corre-
sponding drop in the resistivity is also observed for
all the samples which further confirms the
existence of this anomaly, which might be due to
the same reason as mentioned above. It is also
noticed that the strength of this anomaly decreases
with increase of K concentration. Room tempera-
ture XRD study, however, does not indicate the
presence of any paramagnetic MnO2 phase in the
sample. Approximately the same observed values
of Tp and TC (Table 2) indicate good quality of the
samples with negligible grain boundary effect.

3.3. Transport properties

3.3.1. Magnetic field-dependent resistivity

All the samples with different K concentrations
(y ¼ 0:0; 0.05, 0.1, 0.15) show a metallic behavior
(i.e. dr=dT > 0) at low temperatures and with
rising temperature, a sharp MIT is seen at Tp; very
close to the corresponding Curie temperature TC
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Table 2

Some important data of all the prepared samples from the magnetization and resistivity measurements made in presence and in absence

of pulsed magnetic field

y Mn4+/Mn3+ M (emu/g) (B ¼ 9:67 kG)
at T ¼ 300K

r (O-cm) Tp (K) B ¼ 0T TC (K) B ¼ 0T

T ¼ 300K T ¼ Tp

0.0 0.428 3.949 1.44 3.24 220.0 220.0

0.05 0.538 15.686 1.58 2.03 280.0 278.5

0.10 0.666 39.903 0.71 0.78 291.5 290.5

0.15 0.818 47.387 0.55 0.61 299.5 295.9
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Fig. 5. Resistivity and % MR vs. temperature plot of (a)

La0.7Ca0.25K0.05MnO3 and (b) La0.7Ca0.15K0.15MnO3 with

different strengths of the pulsed magnetic fields. (a) Inset shows

the relaxation time (i) vs. temperature plot for the y ¼ 0:05
sample.
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of the sample (Fig. 4). The maximum resistivity
rmax (peak value) decreases and Tp shifts to higher
temperature as y increases (Table 2). This increase
in conductivity with K doping is considered to be
associated with the increase of the ratio of Mn4+/
Mn3+, which in turn contribute to the enhance-
ment of holes in the eg band. This is in accordance
with the suggestions made by others [8]. The values
of Mn4+/Mn3+, with increasing y, obtained from
the valency calculations (Table 2), supports this
argument. The cation valency distribution can be
represented as La3+1�xCa

2+
x�yKy(Mn1�(x+y)

3+ Mnx+y
4+ )O3.

Hence, y amount increase of K ions will result in a
(x þ y) amount increase in Mn4+ ions and
consequently, a small amount of K doping will
cause a large number of charge carriers and thus
resistivity will be decreased. Rhombohedral
distortion introduced by K doping is also an
important contributor to the increase of TC:
Similar behavior is also observed with Na doped
samples.
Temperature dependence of resistivity measured

both in presence and in absence of pulsed magnetic
field (maximum 3.2T) on two typical samples with
y ¼ 0:05 and 0.15 are shown in Figs. 5a and b. The
corresponding changes in %MR as a function of
temperature is also shown in the same figure.
Similar behavior is also obtained for other samples
of this group. Application of pulsed magnetic field
causes a significant decrease in the resistivity
shifting the resistivity peak to the high temperature
region. During the field pulse, the spins favorably
orient themselves and consequently the charge
carriers suffer less scattering showing a decrease in
resistivity. Interestingly, we found that the thermal
variation of resistivity measured under constant
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DC field (1.5 T) is similar to that measured under
pulsed field. However, some interesting tempera-
ture-dependent relaxation time behavior (time
taken by the sample to return to the normal, i.e.
zero field state after the pulsed field is switched off)
is noticed. The plot of such relaxation time (i) as a
function of temperature for a typical sample (with
y ¼ 0:05) is shown in the inset of Fig. 5a. It is seen
that the relaxation time (i) depending on magnetic
field strength is related to the magnetic spin
ordering and falls sharply around TC and remains
almost constant in the low temperature FM phase
(Fig. 5a inset). Similar results are also found for
the other samples. Nearly constant value of (i) in
the ferromagnetic region indicates most ordered
state behavior. In this regard it can be mentioned
that, with the application of magnetic field or
lowering the temperature below MIT, the FM
clusters embedded in the paramagnetic matrix
form a connecting path and hence percolation
occurs. In the present system, due to momentary
excitation (pulsed field), some spins in the para-
magnetic matrix become polarized to increase the
number of FM clusters, hence enhancing the
conductivity. After the withdrawal of the field,
these momentarily formed FM clusters will come
back to its normal (unpolarized) state with an
observed relaxation time (i). Hence by measuring
the relaxation time, the mixed phase tendency of
these manganites can be well studied. We believe
this is a more important physical issue, for our
future investigation, that pulse field measurement
could probe.
A plot of Tp vs. alkali metal ion concentration

(y) shows almost exponential rise of Tp with
increasing potassium content (Fig. 6). With
increasing y; rmax first decreases sharply and then
gradually approaches a minimum value (Fig. 6).
This observation actually reflects that in the low
doping regime (yp0:1) the Mn4+/Mn3+ ratio is
favorable to ferromagnetism and hence extension
of the FM-metallic phase is obtained. Further
increase in the doping level, increases Mn4+

concentration and the antiferromagnetic super-
exchange interaction (Mn4+–O–Mn4+) becomes
predominant over the DE interaction and conclu-
sively increase of Tp and decrease of rmax with
increasing y become much smaller. Magnetoresis-
tance ðDr=r0Þ � 100½¼ frðH ¼ 0Þ � rðHÞg=rðH ¼
0Þ � 100� is found to show a peak around their
respective MIT temperature Tp: The dotted lines in
Figs. 5(a) and (b) represent % MR of the samples
with an applied magnetic field of 3.2 T.
In the low temperature ferromagnetic metallic

phase, the temperature dependence of the resistiv-
ity for all the samples both in presence and in
absence of the pulsed magnetic field can be well
fitted (Fig. 7) by the equation of the form

rðTÞ ¼ r0 þ r2T
2; ð1Þ

where the temperature independent part r0 is the
resistivity due to domain, grain boundary and
other temperature independent scattering mechan-
ism [17,18]. Some authors have explained the r2T

2

by the electron–electron scattering process [18] but
following Mott [19] rBT2 behavior in a ferro-
magnet is due to magnon scattering. We also
believe that the spin scattering cannot be neglected
in the low T regime as the measured data can be
best explained by electron-spin scattering. The
best-fit parameters obtained from fitting the low
temperature metallic part of the resistivity data
with Eq. (1) are shown in Table 3. As expected, the
temperature independent term (r0) for all the
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Table 3

The values of the parameters r0 and r2 of all the samples

obtained from fitting the low temperature (ToTp) resistivity

data with Eq. (1) in presence and in absence of magnetic field

y r0 (O-cm) r2 (O-cmK�2)

B ¼ 0:0T B ¼ 2:0T B ¼ 0:0T B ¼ 2:0T

0.0 1.13 0.87 6.09� 10�5 3.40� 10�5

0.05 0.79 0.70 1.86� 10�5 1.16� 10�5

0.10 0.35 0.27 6.81� 10�6 5.92� 10�6

0.15 0.26 0.20 6.22� 10�6 5.83� 10�6
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Insets show the plot with B ¼ 1:5T. Solid lines are the best-fit

to the VRH model (Eq. (2)).
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polycrystalline samples decreases significantly with
the magnetic field but the influence of the magnetic
field on the r2 term is comparatively small. It is
likely that the mechanism responsible for MR in
the system, is the influence of the magnetic field on
the ordering of magnetic domains. As the pulsed
magnetic field strength increases, the size of the
domain boundary decreases and r0 becomes
smaller [20]. The decrease of r2 in a magnetic field
is due to the suppression of spin fluctuation in the
applied magnetic field (proportional to B�1=3) [18].
All the resistivity data, above the transition

temperature Tp; have earlier [21] been fitted with
variable range hopping (VRH) of charge carriers.
Recently, Viret et al. [22] and Pal et al. [10] have
applied VRH conduction mechanism in systems
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like La–Ca–Mn–O, La–Mn–O, La–Pb–Mn–O,
etc. at higher temperatures above Tp: Similarly
our data between Tp and 320K also fit the VRH
model quite well. This model in three-dimensional
cases, can be written as

sdc ¼ s0 exp½ � ðT0=TÞ�1=4; ð2Þ

where T0 is a constant [¼ 18a3=kBNðEFÞ], a is the
electron wave function decay constant, kB is
Boltzman’s constant and NðEFÞ is the density of
states at the Fermi level which can be calculated
from the slope of the plot of log sdc vs. T�1=4

curves [shown in Figs. 8(a) and (b)]. The best-fit
occurs with T0B106 for both La–Ca–Mn–O and
La–Ca–K–Mn–O which is in good agreement with
the previously reported results [10]. We have also
calculated T0 for different samples in presence of
magnetic fields. T0 is found to decrease with the
increasing magnetic field strength. From Eq. (2)
we also estimated NðEFÞ (Table 4) using
a ¼ 2:22 nm�1 as used by Pal et al. [10]. The value
of NðEFÞ are comparable to those obtained
by Coey et al. [21] (NðEFÞB4� 1022/eV cm3 for
La–Ca–Mn–O system) and Pal et al. [10]
ðNðEFÞB5:99� 1022/eV cm3 for La–Pb–Mn–O
system). The NðEFÞ value for the present sample
is found to be increasing with the application of
magnetic field. It is noticed that for the K doped
sample NðEFÞ is much higher than that of the
undoped sample indicating appreciable increase in
the number of charge carriers and consequently
showing an increase in the conductivity of the K
doped sample. Also the application of magnetic
field decreases the localization length which in turn
increases the number of delocalized charge carriers
causing increased NðEFÞ:
Table 4

Values of the density of states (DOS) at the Fermi level (NðEFÞ), activa
hopping energy (WH) and the constant (a0) of Eq. (4) both in absenc

y NðEFÞ � 10�21 (eV�1 cm�3) Ep (meV)

B ¼ 0T 1.5T B ¼ 0T 1.5T

0.0 0.380 1.701 116.3 91.95

0.05 0.404 0.636 110.7 91.23

0.10 0.822 2.705 99.07 88.46

0.15 1.265 4.609 92.52 82.14
It should be mentioned here that the VRH
model could not be extended to fit well the data
above 320K (between 320 and 350K). Recently, it
has been shown by Banerjee et al. [11] that the
conductivity data between Tp and yD=2 (yD being
the Debye temperature) can only be well fitted
with VRH model. The high temperature
(T > yD=2) resistivity data of the Cr doped and
undoped La–Pb–Mn–O manganite samples can be
well fitted with the thermally activated small
polaron hopping (SPH) model. Similar behavior
is also exhibited by the present K doped
system. For the samples with higher Tp values
(like the present samples), the VRH region is
small. So it is rather difficult to judge which of
the two models is most appropriate. It is, how-
ever, noticed that the high temperature (T > yD=2)
conductivity data between 320 and 350K for
the K doped samples (Figs. 9(a) and (b)) better
fit the SPH model of Mott viz. r=T ¼
ra expðEp=kBT), where ra ¼ ½kB=nphNe2R2Cð1�
CÞ� expð2aRÞ where N is the number of ion sites
per unit volume (obtained from the density data),
R is the average intersite spacing obtained from
the relation R ¼ ð1=NÞ1=3; Ep is the activation
energy for hopping conduction estimated from
the conductivity data, C is the fraction of sites
occupied by a polaron, a is the electron wave
function decay constant obtained from fitting
the experimental conductivity data, nph is
the optical phonon frequency (estimated from
the relation hnph ¼ kByD). We have replotted the
resistivity curve as ln ðr=TÞ vs. 1=T and from the
slope of the curve the activation energy Ep is
estimated (Table 4). The activation energies are
found to decrease with increasing K doping
tion energies from resistivity and TEP data (Ep and ES), polaron

e and in presence of a magnetic field (1.5T)

ES (meV) WH (meV) a0

B ¼ 0T 1.5T B ¼ 0T 1.5T B ¼ 0T 1.5T

13.16 9.38 103.2 82.57 �0.61 �0.45
9.89 9.82 100.9 81.40 �0.50 �0.49
8.38 8.32 90.69 80.15 �0.45 �0.43
8.01 7.81 84.50 74.33 �0.42 �0.41
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concentration and with the application of mag-
netic field. Actually, due to hole doping in the eg
band the delocalization of charge carriers occurs
and hence the energy required to liberate a free
carrier is reduced. Application of magnetic field
enhances this delocalization thereby reducing the
activation energy further.
3.3.2. Magnetic field-dependent thermoelectric

power (TEP)

Magnetic field (B ¼ 021:5T)-dependent ther-
moelectric power (Seebeck coefficient, S) of the K
doped La0.7Ca0.3�yKyMnO3 (0:0pyp0:15) system
measured in the temperature range 80–300K also
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supports the conductivity results discussed above.
Fig. 10 displays the temperature-dependent ther-
moelectric power of the samples with different
values of y ¼ 0:05; 0.1 and 0.15 in presence (1.5 T)
and absence of magnetic field. All the K doped
samples show a change in the sign of Seebeck
coefficient. With the increase of K ions, S tends
towards positive value. This increasing trend of S

is seen upto y ¼ 10% which can be attributed to
the increase in the number of Mn4+ ions due to
increasing hole concentration (as discussed above).
For y ¼ 0:15; the S value is marginally lower but
shows the same nature as the other two samples.
Addition of K ions causes more hole doping
centers, which are localized in character and hence
S value increases. This large value of thermopower
arising from hole localization may occur due to the
narrowing of eg band and it also indicates
distortion of the Fermi surface.
For all the samples, it is observed that with the

application of magnetic field (B ¼ 1:5T), S value
increases at low temperature and the difference
between the two values DS½¼ Sð0Þ � Sð1:5Þ� de-
creases near Tp (where Sð0Þ and Sð1:5Þ are the
value of S in zero and 1.5 T field). This indicates
that spin ordering that occurs under magnetic
field, increases thermopower of the present man-
ganite samples. The temperature dependence of S

below Tp can be fitted as before [23] with the
relation of the form

S ¼ S0 þ S1:5T
1:5 þ S4T

4; ð3Þ

where S0 is a constant term having no physical
origin. The low temperature (FM phase below Tp),
TEP data of the samples (with y ¼ 0:020:15)
Table 5

The values of the parameters S0; S1:5 and S4 obtained from fitting the

power (TEP) data of La0.7Ca0.3�yKyMnO3 (y ¼ 020:15) with Eq. (3)

field (B)

y S0 (mV/K) S1:5 (mV/K
2.5)

B ¼ 0:0T 1.5T B ¼ 0:0T

0.00 �3.84 �3.71 2.34� 10�3

0.05 �1.66 �0.60 1.85� 10�3

0.10 �1.38 �0.64 1.76� 10�3

0.15 �4.72 �2.59 3.34� 10�3
are well fitted with Eq. (3) (some are shown in
Figs. 10a–c). From the corresponding fitting
parameters shown in Table 5, we find S1:5bS4

which suggests that at low temperatures, S is
mainly governed by the second term in Eq. (3)
arising due to electron–magnon scattering con-
tribution. It is also shown above from the low
temperature (FM phase) resistivity data (Eq. (1))
that the electron–magnon scattering process dom-
inates the conduction mechanism in the alkali
metal Na-doped manganites. Therefore, from the
TEP measurements also, it is reconfirmed that
electron–magnon scattering process is predomi-
nant in the low temperature FM phase. Decrease
of electron–magnon scattering term (S1:5T

1:5)
under magnetic field suggests that spins get
favorably oriented under magnetic field and hence
electron-spin scattering possibility diminishes and
the system behaves like a metal. But in the low
temperature metallic phase (below Tp), the ex-
change coupling strength increases leaving the
electrons more delocalized and this makes the
system magnetic (ferro- or antiferromagnetic,
depending on concentration, strength of exchange
interaction). At high temperatures the T4 term
(spin wave fluctuation contribution) cannot be
neglected and this term actually fits the data (with
Eq. (3)) over the high temperature region. The
parameter S0 (Eq. (3)) is found to increase in
presence of magnetic field. However, the inter-
dependency of the parameters S0; S3=2; etc. is not
well known and needs further study.
More interesting result is obtained from the high

temperature regime (T > yD=2) TEP data where
there is disorder and localization. In this region
low temperature (ferromagnetic metallic phase) thermoelectric

both in presence (B ¼ 1:5T) and in absence (B ¼ 0) of magnetic

S4 (mV/K
5)

1.5 T B ¼ 0:0T 1.5T

2.30� 10�3 �4.10� 10�9 �5.69� 10�9

1.57� 10�3 �2.37� 10�9 �2.24� 10�9

1.70� 10�3 �1.89� 10�9 �1.86� 10�9

2.72� 10�3 �3.09� 10�9 �2.87� 10�9
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TEP data fits excellently with Mott’s well-known
equation of Seebeck coefficient based on polaron
hopping, viz.

S ¼ kB=e ES=kBT þ a0
� �

; ð4Þ

where ES is the activation energy obtained from
the TEP data and a0 is a constant related to the
kinetic energy (¼ kBTa0) of the polarons (carriers).
For a0o1 small polaron hopping conduction
occurs, while for a0 > 2 the conduction involves
large polarons. Fig. 11 gives the S vs. 1=T plots for
all the samples both in presence and in absence of
magnetic field. Solid line gives the best-fit of the
experimental data with Eq. (4). From the slope
of S vs. 1=T curves, we obtain the values of
activation energy ES of the samples shown in
Table 4. The constant a0 is obtained from the
intercept of the plotted curves (Table 4). The
estimated values of a0 (from Eq. (4)), indicated
a0o1 for both zero and 1.5 T magnetic field.
Therefore, small polaron hopping conduction
mechanism is also supported by the high tempera-
ture (T > Tp) TEP data.
With the application of magnetic field, we

noticed (Table 4) that polaron hopping energy
(WH ¼ Ep � ES) and polaron binding energy
decreases. This indicates that with increasing K
concentration the system becomes more metallic
and hence the polaronic conduction regime is
gradually converted to electronic conduction
regime. This is an interesting observation from
the study of K doped manganite system. Similar
result is also obtained with Na doped system [24].
4. Conclusion

In conclusion, magnetic and magnetotransport
properties of La1�xCax�yKyMnO3 for x ¼ 0:3 and
0pyp0:15 measured under pulsed magnetic field
(0.0–3.2 T) shows monovalent alkali metal K
doping in La–Ca–Mn–O system drives the system
towards higher conductivity and higher Curie and
metal–insulator transition temperature region. The
low temperature resistivity and TEP data signify
the importance of electron–magnon scattering
whereas the high temperature transport properties
are mainly governed by the small polaron hopping
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mechanism. Since both TC and Tp can be varied
around room temperature only by little increase of
K at the Ca site, the present K doped system might
be a potential candidate for device applications.
We also like to state that the pulsed field
technique, used in the present measurement, is a
convenient technique, which would be very useful
for measuring the magnetotransport properties of
rare earth manganites, thin films, superconducting
and other related materials of current interest. The
temperature, magnetic field dependent relaxation
time (i) observed in pulsed field may also be used
to determine the field-dependent spin ordering in
the low temperature ferromagnetic phase. The
relaxation time is also found to be dependent of
the grain size of the sample. The pulsed field
technique might be an important tool for elaborate
investigation of all these features in the future.
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