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Abstract. Polycrystalline two-layered perovskite Lag.5—2Ko.542Mn20745 (0 < 2 < 0.5) samples have been
prepared by a modified sol-gel method and their magnetoresistance and magnetocaloric effects have been
studied. A large deviation between the metal-insulator (MI) transition temperature (7,) and the magnetic
transition temperature (T¢) is observed. Large magnetoresistance (MR) effects with Ap/pg of ~40% at
12 kOe are obtained in wide temperature ranges. The maximum of the magnetic entropy change peaks
at its Curie temperature (T¢), far above its MI transition temperature (7),). The large magnetic entropy
change (~1.4 J/kg.K) is obtained in the sample Laz5—Ko.54+2Mn2O74s5 (z = 0.35) upon 10 kOe applied

magnetic field.

PACS. 75.30.Sg Magnetocaloric effect, magnetic cooling — 82.80.-d Chemical analysis and related physical
methods of analysis — 81.05.Mh Cermets, ceramic and refractory composites

1 Introduction

The discovery of the colossal magnetoresistance
(CMR) [1-7] and large magnetocaloric (MC) [8-12]
effects in mixed-valence manganese perovskites has
attracted great attention with regard to scientific investi-
gation and technological applications. So far, most of the
research work on the magnetic and transport properties
of manganese compounds has been devoted to ABOs-type
lanthanide manganese perovskites Lny_, A, MnOs (Ln =
La, Pr, Nd, Sm; A = Ca, Sr, Ba or Pb). Recently, much
attention in those fields has been focused on the layered
variants of the perovskite A, +1ByOs,4+1. Apart from
ABOs-type (n = 00) manganates with three-dimensional
Mn-O networks, A, +1B,O3,41-type compounds gave
rise to a special interest due to their crystal structure
forming a natural layered tunneling system. Investigation
results [13-23] have indicated that the reduced dimension-
ality of the Mn-O-Mn networks leads to several intriguing
changes in features of the ferromagnetic manganate per-
ovskites, including enhanced magnetoresistance effects,
large magnetocaloric effects, unconventional magne-
tostriction and anisotropic transport in charge carriers.
Moreover, these layered systems exhibit a variety of both
ferromagnetic and antiferromagnetic structures, such as
paramagnetic insulating (PI) state, antiferromagnetic
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metallic (AFM), ferromagnetic metallic (FM), canted
antiferromagnetic (CAF), antiferromagnetic insulating
(AFI), and chage-ordered (CO) states, etc. [24-31].

It is known that the investigations of two-layered per-
ovskites are focused on alkaline-earth (such as Ca and
Sr)-doped lanthanide manganites, but to the best of our
knowledge, references to magnetic and electronic proper-
ties of monovalent alkali-metal-doped layered-perovskites
are very scarce. By taking into consideration that the
donor property of alkali-metal is stronger than that of
alkaline-earth-metal, it would be expected that alkali-
metal-doped two-layered perovskite manganites exhibit
distinguishing features in structure, electronic behavior,
and magnetic properties from the alkaline-earth-doped
lanthanide manganites. In the present work, we have
synthesized the polycrystalline two-layered perovskite
Lag 5-2Ko.5+:Mn20745 (0 < 2 < 0.5) by a modified sol-
gel method, and investigated their structures, the magne-
toresistance and magnetocaloric effects.

2 Experimental

The polycrystalline two-layered perovskite
La2‘5,xK0‘5+zMn207+5 (QC = 005, 015, 025, 0.35
and 0.45) samples were prepared by a modified sol-gel
method as follows [32]: Stoichiometric amounts of LagOg3
(99.99%), K2CO3, and Mn(NOs3)2 were dissolved in dilute
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HNOj3 solution at 333 K. Then suitable amounts of citric
acid and ethylene glycol were added as coordinate agents
to generate a completely homogeneous and transparent
solution. This solution was subjected to slow evaporation
at 333 K until a highly viscous residual was formed. With
further heating at 443 K, a gel was developed. The gel
was thermally treated at 873 K for 5 hours to decompose
the organic precursor. After being ground, the samples
were calcined in air at 1173 K and furnace cooled. The
calcined materials were pressed into round disks, and a
final sintering process step was carried out at 1173 K for
5 h, 1473 K for 2h and furnace cooled.

Phase identification and structural analysis were ex-
amined by X-ray powder diffraction with Cu Ka radi-
ation (Model D/Max-RA, Rigaku, Japan). The metal
content in the sintered sample was determined by
induced coupled plasma (ICP) spectroscopy (Model
1100 + 2000, Jarrell-Ash, USA). The oxygen content in
these Las s Ko 54+:MnaO74s samples was determined
by a temperature-programmed reduction (TPR) tech-
nique [33,34]. In our present experiment, Ar + Hj
(15.0% V/V) mixed gas flushed over the sample, which
was heated at a linear rate (6 K/min), and the concentra-
tion of Hs in the mixed gas was monitored simultaneously
by a thermal conductivity detector (TCD). The oxygen
content in the sample was deduced from the consump-
tion of Hs in reaction between Hs and the sample, based
on the following equation (the valences of lanthanum and
alkali-metal were conserved, while the Mn3*, Mn*t were
reduced to Mn?" in the reaction):

Lag 5_2Ko.542Mn207,s + Hy —
La203 —|— KOH + MDO + HQO .

The morphology of Lag 52 Ko.54:MnaO74s
(0 <2 <0.5) was examined directly by transmission
electron microscopy (TEM) (Model JEM-200 CX, JEOL,
Japan) and their average crystallite size was estimated by
means of XRD line broadening analysis. M-T and M-H
curves were measured by a vibrating sample magnetome-
ter (VSM) (Model PAR 155, USA). Curie temperature
(Tc) was determined from the M-T curves. Magnetiza-
tion of the samples was measured in an isothermal regime
under an applied magnetic field varying from 0 to 10 kOe.
In the vicinity of T¢, isothermal M-H curves were
obtained by a step of 3 or 5 K. The electrical resistance
and magnetoresistance of these samples were measured
as a function of temperature (80-300 K) and magnetic
field (0-12 kOe) by the standard four-probe technique.
Electrical contacts were made with silver paste.

3 Results and discussion
3.1 Structure and composition
The grain sizes of Lag 5—,Ko.5+:MnaOr4s samples (cal-

cined at 1473 K) observed directly by TEM images are
550 to 750 nm. Their average crystallite sizes determined
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Fig. 1. X-ray diffraction pattern of Lazs5_Ko.542Mn2O74s
samples.

by XRD are 90 to 165 nm, significantly smaller than the
values determined by TEM. A particle may exist as a sin-
gle unit, e.g. a single crystal, or it may consist of subunits.
The small subunits are defined as the primary particles
and the agglomerates of these primary particles are called
secondary particles. Observations by imaging techniques
such as TEM often give the size of the secondary parti-
cles, and the X-ray line broadening analysis disclosed the
size of primary particles. The X-ray diffraction patterns
for polycrystalline samples of Lag 5, Ko 54, MnsO74 5 are
shown in Figure 1. For all the studied compositions,
0 <z <0.5, Lag 5, Ko.5+2MnyO74s materials have the
tetragonal Sr3TisO7-type perovskite structure (I4/mmm).
As x increase, the measured lattice parameters at room
temperature increase monotonically from a = 3.8574 A
and ¢ = 20.1688 A (z = 0.05) to a = 3.8745 A and
c=20.3379 A (z = 0.45), respectively. It is important
to mention that XRD technique cannot detect impurity
phase less than 3 to 5%. According as our present ex-
perimental results, we cannot obviate the possibility of
the presence of a small quantity of other phases in our
polycrystalline samples. It is well known that normally a
sample with nominal n = 2 phase contains intergrowths
and the presence of other phases such as n > 2 is rather
difficult to avoid. So, further exploration of the phase iden-
tification and structural analysis of these samples may be
needed.

Table 1 summarizes the results of the ICP and TPR
measurements. As can be seen, the actual alkali-metal con-
tent for all the compositions explored in this work is prac-
tically close to the nominal one. The average manganese
oxidation state (V) calculated from electric neutrality
is also listed in Table 1. One can observe that (V) tends
to increase when the K content z increases.

Figure 2 shows schematic view of layer sequences
of ABOs-type (n = o0) and A3BoOr-type (n = 2)
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Table 1. Summary of the results of ICP and TPR measurements, and physical properties of Lagz 5_+Ko.542Mn2O745 samples.
(VAam), Tc and T, mean the average manganese oxidation state, Curie temperature, and the peak temperature in resistivity,

respectively.
X* La/Mn K/Mn 0 M) T T, Stoichiometry
0.05 1.231 0.262  0.06 3.11 200 —  La2.441Ko.510Mn1.98307
0.15 1.170 0.305 0.07 3.26 225 115 La2_317Ko,604Mn1_98007
0.25 1.120 0.340  0.03 3.33 235 128 La2.230Ko.677Mn1.991 07
0.35 1.073 0.391 0.03 3.42 247 153 La2_137Ko,779Mn1_99107
0.45 1.032 0.468 0.01 3.45 254 165 La2_061K0,935Mn1_997O7
# Nominal composition.
c Octahedra - - - - ' '
of MnOj 80 LaZ.S-xKO.S+an207+8 —m—x=0.05 1
O A atom
n
= 60f
=
L
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Fig. 2. Schematic view of layer sequences of (a) ABOs-type ! L L i
(n = 00) and (b) A3B2Or-type (n = 2) perovskite compounds. 100 150 200 250 300
Temperature (K)
perovskite compounds [14]. The ABOs-type man- Fig. 3. Terrllper.ature dependence of zero-field coo?ed
. . . (ZFC) magnetization (warming curves) for polycrystalline
ganese compound consists of perovskite units L K MO les. The Churie t ¢ (Te)
with  three-dimensional Mn-O networks. In con- . 25-2R05+aalires Samipies. Lhe Luke temperature (1o
. is marked with an arrow.
trast, the A3BsOr-type two-layered manganite ex-
hibits two-dimensional Mn-O networks and con-

tains double perovskite layers interleaved with A-O
layers. In the Lags_ Ko 54+:MnaO7ys system, double
perovskite layers are interleaved with La(K)O layers, and
Mn-O-Mn bonds in the c-axis direction are separated
from one another by La(K)O layers. Among the struc-
tural consequence of moving from ABOs-type perovskite
to A3BsO7-type manganite are the introduction of a
two-dimensional character and a reduction from 6 to 5
in the number of nearest-neighbor Mn cations around
each transition-metal site. This is expected to produce an
anisotropic reduction in the width of the energy bands
derived from the Mn 3d orbitals, and hence to modify the
electrical and magnetic properties.

3.2 Magnetic and electrical properties

The ferromagnetic ordering transition temperature, T¢,
defined as the temperature at which the dM/dT ~ T
curve reaches a minimum, has been extracted from the
low field magnetization (1 kOe) versus temperature. As x
increases, the T¢ values increase from 200 K (z = 0.05)
and 235 K (z = 0.25) to 253 K (z = 0.45) (see Tab. 1).

Figure 3 displays the temperature dependence of the mag-
netization (M) for samples Lag 5 ,Ko.5+2MnaOr4s. The
magnetization was measured upon warming in a field of
10 kOe after cooling to 100 K in zero field. As z in-
creases from x = 0.05, the M at 100 K first increases
from 58.6 emu/g (3.06 ug/Mn, = 0.05) to 69.8 emu/g
(3.50 pp/Mn, z = 0.25), and then decreases to 57.2 emu/g
(2.80 pp/Mn, z = 0.45). The M value of 3.50 up/Mn
(z = 0.25) is in good agreement with the expected value
of 3.67 up/Mn for the average oxidation state of 3.33 for
Mn cations, indicating that the x = 0.25 sample possesses
a good ordered spin alignment. A reduced magnetic mo-
ment in the lower x range may suggest a canted ferro-
magnetic spin arrangement. The large reduction in the
magnetic moment in the higher x range could be ascribed
to the contribution of the antiferromagnetic interaction
between Mn*t cations. In Figure 4, we show the tem-
perature dependence of the resistivity p for the polycrys-
talline Lag 5 Ko.5+:Mn2074s series (0 < z < 0.5). For
x = 0.05, the p-T curve is characteristic of semiconductor
or insulator. For x > 0.15, the p-T curve exhibits a peak
(Hereafter, the peak temperature in resistivity is desig-
nated as T,). With increments in the K content z from
0.25 up to 0.45, T}, increased from 128 K to 165 K and the
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Fig. 4. Temperature dependence of the resistivity p for the

sample Lagz s_.Ko.54:Mn2074s5. The peak temperature in re-
sistivity (7)) is marked with an arrow.

resistivity decreased. When comparing the T}, values with
the T¢ values for corresponding doping concentrations,
the T, values were about 100 K lower than the T¢ val-
ues. In other words, for the Lag 5 Ko 54+:MnaO7.4s poly-
crystalline series, a large deviation between the metal-
insulator transition and the magnetic transition is ob-
served. This phenomenon could be ascribed to three fac-
tors: the special structure of layered-perovskite, the grain
boundary effect and the influence of impurity.

We now consider the structural relationship be-
tween Lags_.Kops54+:MneO715 and ABOs-type per-
ovskite. As a consequence of the structural change from
ABOs-type perovskite down to its two-layered variants,
Lag 5—+Ko.54+2Mn20O745, which is brought about by in-
sertion of the insulating (La, K)O2 into the perovskite
MnO; bilayers (hereafter MnOs bilayers were denoted
as a-b plane and perpendicular to this plane as c¢ di-
rection), a two-dimensional character is introduced. This
is expected to produce anisotropic exchange interac-
tions, namely: the intralayer exchange interaction, which
works within a perovskite MnOs bilayers, and inter-
layer exchange interaction, which acts between perovskite
MnOs bilayers. The former is due to the double-exchange
interaction, and is perhaps much stronger than the
latter. Asano and co-workers [35] reported systematic
results on the resistivity and magnetization of layered
perovskite Las_2,Ca142,Mn07 (0 < z < 0.5) and
observed that these layered manganites exhibited a metal-
insulator transition temperature (T,) far (100 K) be-
low the magnetic transition temperature T¢. They as-
sume that the layered perovskite Lags_9,Caj12,MnoOr
exhibits two types of ferromagnetic ordering caused by
the anisotropic carrier transport and exchange interac-
tion. The electrical properties of the bulk samples are
dominated by less conductive transport along the ¢ di-
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rection, which is due to a weaker exchange interaction.
By contrast, the magnetic transitions of the bulk mate-
rials are governed by the strong in-plane exchange in-
teraction. Thus, T, is observed far below the T of the
bulk samples. We observed similar phenomena for the
polycrystalline samples of Las 5K 54+,MnsO74s, and
would be partly due to the same mechanism. However,
a good correlation was observed between 7, and T¢ for
the layered perovskite Lag_9,Sr1412,MnyO7 [13]. There-
fore other factors could also be considered. It is impor-
tant to mention that an extrinsic effect, such as grain
size, would also result in a large deviation in T, and T¢.
Mahendiran et al. [36,37] found that for bulk samples of
cubic perovskite with a small grain size less than 0.5 um,
their metal-insulator transition temperatures (7)) are sig-
nificantly lower (~170 K) than the corresponding Curie
temperatures. They suggested that as the grain size de-
creases, the relative contribution of the insulating region
increase making p large and lowering 7},. Another pos-
sible reason for the deviation between T}, and T¢ could
be the presence of a small quantity of impurity such
as n > 2 phases which may not be detected by XRD.
When K doping level x ranged between 0.075 and 0.20, the
ABOs-type polycrystalline La; . K, MnOs, s samples ex-
hibit paramagnetic-to-ferromagnetic phase transitions at
230-344 K [32], higher than that of corresponding layered
manganites. This means that a reduction in the dimen-
sionality from n = oo to n = 2 should result in a reduction
in Tc.

3.3 Magnetoresistance effect

The temperature dependence of the MR ratio of
Lag 5-2Ko.542MnsO745 samples for the concentrations of
x = 0.05, 0.15, 0.25, 0.35, and 0.45 is shown in Figure 5.
The MR ratio here is defined as —Ap/po = —(pa —po)/po
(where py and po are the resistivity in an applied mag-
netic field and the zero field resistivity, respectively). It
can be seen that the MR effect of these samples exhibits
a complicated temperature dependence over a wide tem-
perature range. The MR at H = 12 kOe dose not show a
clear peak and there is a systematic increase with decreas-
ing temperatures in all samples. This MR behavior is quite
different from that of the ABOs-type perovskite mangan-
ites. It is well known that in conventional perovskites such
as Laj_,(Ca, Sr),MnOs, CMR effects are restricted to a
narrow temperature range where a ferromagnetic metal to
paramagnetic insulator transition takes place. The large
MR effect (—Ap/po ~ 40%) is obtained in the sample
Lag.5-2Ko.5+2Mn2074s (x = 0.35) with 12 kOe magnetic
field.

The most notable feature in the two-layered perovskite
manganite is the behavior in the T' < T range, where the
MR effects are quite large under a relatively lower mag-
netic field. The origin of the enhanced low-field MR effects
in this compound could be ascribed to anisotropic Mn-O
networks with reduced dimensions. The simple explana-
tion would be that the two dimensionality of the Mn-O
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Fig. 5. Temperature dependence of magnetoresistance under
an applied field of 12 kOe for samples Lag.5—Ko.542Mn2O7.s.
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networks causes a reduction in the effective transfer inter-
action of the e, carriers, which gives rise to enhanced effec-
tive coupling between the local spin and the charge carrier
via strong intra-atomic ferromagnetic (Hund) coupling.
An additional and more important factor is the anisotropic
exchange interaction in this compound. The intra-layer ex-
change interaction is obviously due to the double-exchange
interaction, and is perhaps much stronger than the inter-
layer value. An external magnetic field could easily restore
the two-dimensional spin order and therefore enhance the
transfer of the conduction electrons, thus giving rise to
large MR effects with a relatively lower magnetic field in
this temperature range.

3.4 Magnetocaloric properties

The entropy change, which results from the spin order-
ing (i.e., ferromagnetic ordering) and is induced by the
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variation of the applied field from 0 to Hy,ay, is given by

fmax (99
A = — H - 1
asul= [ (55) )

From Maxwell’s thermodynamic relation:

(o), = (m), @

one can obtain the following expression:

H,
mes [ OM
5wl = | <6—T) am (3)

where Hpax is the maximum external field. According to
the equation (3), the magnetic entropy change (|ASy|)
depends on the temperature gradient of the magnetization
and attains a maximum value around Curie temperature,
at which the magnetization decays most rapidly.

In fact, the |AS)y| is often evaluated by some numeri-
cal approximation methods. One way of approximation is
to directly use the measurements of the M-T curve under
different field. In the case of small discrete field intervals,
|AS)s| can be approximately from equation (3) as

oM oM
[Asul =2 (a—T)Hi (a—T)HM

3
where (OM/OT)y, is the experimental value obtained
from the M-T curve in field H;. Another method is to use
isothermal magnetization measurements at small discrete
field and temperature intervals, |ASy,| can be approxi-
mately from equation (3) by

|ASM|:ZW7.

AH,
X
2

(4)

—AH, - (5)

In this article, we adopt the latter method to evaluate
the magnetic entropy change associated with the magnetic
field variation.

Figure 6 shows a part of the isothermal magne-
tization curves at different temperatures for sample
Lag 5-2Ko.5+2Mn2074s (z = 0.25). In our experiments,
the changing rate of the magnetic field (20 Oe/s) is
slow enough to get an isothermal M-T curve. The
polycrystalline Lag 5, Kg.5+.MnoO745 samples exhibit
considerably small magnetic hysteresis with coercivity
of below 50 Oe. Figure 7 shows the temperature de-
pendence of |ASy/| under different applied fields for
Lag.5-2Ko.5+2Mn2071s. As expected from equation (3),
the peaks of the magnetic entropy changes of the five sam-
ples are around each Curie temperature 7. We found that
the magnetic entropy change of Lag 5_ ;Ko 54:MnaOrys
is comparable to that of Laj_,K,MnOs;s [32]. The
maximum |ASp| is in the order of 1.4 J/kgK for
Lag5-2Ko54:MnsO745 with z = 0.35 upon 10 kOe ap-
plied field. However, due to the anisotropy exchange in-
teraction existing in two-layered manganites, the T of
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measured at different temperatures for polycrystalline
Laz5—2Ko.5+2MnaO745 (z = 0.25). Only a part of isothermal
magnetization data is presented.

Lag 5-2Ko.54+:Mna0745 is reduced by 30 ~ 90 K as com-
pared to that of La;_,K,MnOs,s and causes a shift in
the peak of the |ASy/| to lower temperatures.

The experimental results indicate that although the
electric properties and magnetoresistance effect of the two-
layered Lag s5-,Ko.5+.MnyO74s5 are quite different from
those of the ABOs-type perovskites, their magnetocaloric
properties are similar to those of latter materials. When a
magnetic field is applied to this kind of material, the un-
paired spins are aligned parallel to the field. Since the total
entropy of spins plus the lattice remains constant, the en-
tropy is removed from the spins system and goes into the
lattice, which lowers the magnetic entropy and produces
a net heat. On the contrary, when the field is removed
from the magnetic sample, the spin tends to become ran-
dom, which causes a net cooling. Therefore, the maximum
of the magnetic entropy change always occurs around its
magnetic ordering temperature. The results observed that
the maximum of |AS),| is restricted to a narrow temper-
ature range around T (far above T,) seem to indicate
that the origin of the magnetic entropy change measured
on Lag 5, K¢ 54+, MnsO745 sample is mostly attributed to
the intra-layer exchange interaction.

4 Conclusions

The use of sol-gel method enables the formation of poly-
crystalline layered-perovskites Lag 55— Ko 5+.MnaOrys.
Large deviation in T, and T¢ was found in these two-
layered perovskite samples. Magnetoresistance effect was
observed over a wide temperature range from low temper-
atures to the room temperature, and there is a system-
atic increase with decreasing temperatures in all samples.
These behaviors are different from those of the well-known
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ABOgs-type perovskite manganites. The maximum of
the magnetic entropy change for Lag 5_ ;Ko 54+,MnoO745
peaks at its Curie temperature, and is comparable to that
of La; K, MnOs4s. Although the properties of our ma-
terials are far from optimal, further exploration if this lay-
ered manganites may prove fruitful.
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