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Abstract A systematic investigation of structure, elec-
trical and magnetic properties of polycrystalline ceramics
Lag ¢,Cag 33, K MnO; (x=0.05, 0.10, 0.15, 0.20, 0.25) sam-
ples, prepared by sol-gel method had been undertaken. As
K content increases the crystal structures were transformed
from orthorhombic to rhombohedral structure identified
by X-ray diffraction, and the effect of increasing K ion is
to increment the Mn—O-Mn bond angle. The surface mor-
phology was investigated by scanning electron microscope,
which indicates that grain size decreasing with increasing
of K*. Temperature dependence of resistivity (p — T) was
measured by standard four-probe method. The insulator—
metal transition temperature (T p) shifted to higher tempera-
ture and the temperature coefficient of resistivity decreased
sharply with the substitution K for Ca*" ion. The tem-
perature dependence of magnetization (M—T) shown that
Curie temperature (T ) was increasing with the increase
of K content, which can be explained by enhancement of
double—exchange interaction. The data of resistivity on
low-temperature (T < Tp) had been fitted with the relation
p(T) = po+p, T2+ py sT*; the high-temperature (T >Tp)
resistivity data were explained using small-polaron hop-
ping and variable-range hopping models. Resistivity data
in whole temperature range (100-320 K) could be fitted by
percolation model. Polaron activation energy E, was found
to decrease with the content K* increasing, which suggested
that K doping increase bond angle Mn—O-Mn, thereby the
effective band gap was decreased and the double exchange
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coupling was increased of, this is the reason for the decrease
of resistivity.

1 Introduction

The unique properties such as colossal magnetoresistance
(CMR) and metal-insulator transition of perovskite-based
manganite as La;_ A MnOj; (A is the divalent or monova-
lent metal ion) had been extensively studied [1, 2]. Various
magnetic phases, Jahn—Teller effect and charge ordering
are also some of interesting phenomena which is showed
in these perovskite manganites. The research efforts in the
CMR materials area have been focused on the optimization
of doped compounds with the aim to enhancing and tuning
their physical properties [3, 4]. However, there is no satis-
factory model accounting for the associated phenomenon
that has been referred to as colossal magnetoresistance and
electrical transport [5].

Undoped LaMnO; is an A-type antiferromagnetic
insulator. When divalent cation (such as Ca’* and Sr**)
substitutes for La’*, doped-LaMnO; can be driven into a
metallic and ferromagnetic state. Zener proposed that the
spin structure and the electronic properties of perovskite
manganite were correlated via the double—exchange (DE)
mechanism, which can provide a qualitative explanation
[6]. Both Mn** and Mn** ions possess local spin (S =3/2)
from their lower lye orbitals, and Mn3* has an extra elec-
tron in the e, orbital, which is responsible for. The spin
of el g electron in Mn>* is ferromagnetically coupled to
the local spin of 3 2g according to Hund’s rule. Except
for the hole carrier density controlled by the Mn>*/Mn**
ratio, the oxygen vacancies, the tolerance factor (7), the
mean A-site cation radius <r,> and the size mismatch o”
have also been exhibited influence the double exchange [7,
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8]. However, Millise et al. [9] argued that the physics of
manganite is controlled by the interaction between large
Hund coupling effect and strong electron—phonon coupling
that optimizes the electronic activation energy by the gen-
eration of a ferromagnetic phase.

Electrical conductivity of divalent substituted La per-
ovskites have been researched in much detail, compared
to those monovalent doped systems. Because the valance
state of the alkali metal ions is + 1, La substitution of
alkali metals effect the ratio of Mn>* and Mn** ions. So
this influences the DE interaction. In addition, prepara-
tion method can also greatly affect the electrical and mag-
netic property due to the influence of surface morphol-
ogy, microstructure, chemical homogeneity and particle
size of the ceramic samples [10, 11]. In order to obtain
homogenous composition in the compound, the higher
temperature, longer sintering time and several times of
intermediate grinding and sinter are necessary in the con-
ventional solid state reaction. Spray-drying is another
method to synthesize the polycrystalline ceramic samples.
In this method, a solution of particular concentration and
a co-current flow atomization system are necessary. So
this method increasing the difficulty of the sample prepa-
ration and preparation cost. In co-precipitation method,
the pH value of solution need to be controlled, and the
aging of solution need a long time. Reddy et al. synthe-
sized conducting nanocomposite by in situ chemical oxida-
tive polymerization and other method, there were a good
method to synthetic similar materials [12-20].

S—G method has attracted great interest in recent years
by the reason for its unique strengths [21, 22]. In this
paper, a methanol and deionized water solvent sol-gel
(S—G) routine has been used to fabricate high purity and
homogeneity samples. This improved S—G process can not
only keep the advantages of water solvent S—G technique
but also greatly shorten the experimental period to tens
of minutes. In present work, we systemically study the
electrical transport properties of La ¢,Ca 33_,K,MnO;
(x=0.05, 0.1, 0.15, 0.20, 0.25), hoping to obtain further
physical interpretation for the properties. The electrical

Table 1 The amount (grams) of all raw materials

resistivity experimental data both in the high temperature
and low temperature phases have been analyzed with dif-
ferent theoretical models [23, 24].

2 Experiments

A series of polycrystalline ceramics La, ¢;,Ca 33_ K, Mn;
(x=0.05-0.25) were prepared by sol-gel technique.
Firstly, stoichiometric amount of KHCO; had been
weighted and dissolved in dilute nitric acid to transform it
into nitrate. And then dissolving the precursors with high
purity (La(NO3);-nH,0, Ca(NO3),, Mn(NO;),-4H,0) in
mixed solution consisting of methyl alcohol and deionized
water. The citric acid as chelating agent with molar ratio
to metal ions as 4:1 and the ethylene—glycol as gelification
agent were added to the mixed solution. The step made
at room temperature until reaching total dissolution. The
solution was completely stirred and evaporated on mag-
netic stirrer at 88 °C hot plate until formation the orange
transparent gel. The xerogel was obtained after putting
the gel into oven at 140 °C for 24 h. Secondly, the xerogel
was ground into power and calcined in the air at 500 °C
for 8 h. Finally, the resulting calcined powder was ground
again and pressed into pellet, than sintered at 1250 °C for
12 h to obtain bulk polycrystalline ceramics target. All raw
materials bought from Sinopharm Chemical Reagent Com-
pany, China, and the weight of raw material was shown
in Table 1.

Phase purity and the lattice parameter refining of the
samples were checked through X-ray powder diffract meter
using Cu Ko radiation at room temperature. The surface
morphology and microstructure of the sampled were char-
acterized by scanning electron microscope (SEM). The
resistivity of the samples was measured by the stand-
ard four-probe method within the temperature range of
100-320 K. Magnetization measurements were carried out
using a Quantum Design Squid MPMS magnetometer in
the range of 50-320 K.

Sample name La(NO3);nH,0 (AR) Ca(NO5),-4H,0 (AR) Mn(NO,),-4H,0 C(H0,-4H,0 (AR) KHCO, (AR)
(>96.5%)

Lag ,Cag 15K 0sMnO; 3.7559 0.9483 3.7402 12.0550 0.0718

Lay ,Cay ;K ;MnO, 3.7568 0.7791 3.7410 12.0578 0.1436

Lay ,Cag 5K ;sMnO, 3.7577 0.6099 3.7419 12.0607 02155

Lay ,Cay 3K, ,MnO, 3.7586 0.4406 3.7428 12.0635 0.2874

Lag /Cag 05K 2sMnO; 3.7594 02712 3.7437 12.0663 0.3593
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Fig. 1 XRD diffraction patterns of La¢,Cag3;_ K MnO; (x=0.05,
0.1,0.15, 0.2 and 0.25)

3 Results and discussion

3.1 Structures and surface morphology of the LCKMO
samples

Synthesized samples of the pristine La, ¢;Cag 33, K MnO4
(x=0.05, 0.10, 0.15, 0.20, 0.25) composites have been ana-
lyzed for the phase formation by XRD as shown in Fig. 1. It
indicates that all the samples crystallize in single-phase with
no measurable impurity phases. The intensity of x=0.05
is higher than other samples which may be due to the pre-
ferred orientation presence in this sample. The intensity of
almost all of the diffraction peaks in Fig. 1 decreases with
increased K content, meanwhile the FWHM turns broader,
which clearly indicate that the crystalline quality of LCMO
ceramics turns worse when K is introduced in. The refined
values of the lattice constant are given in Table 2. It is clear
that the substitutional variation of K* causes significant
structural changes. It can be indexed that the samples of
x=0.05 and 0.1 shown an orthorhombic perovskite struc-
ture whit Pnma space group, whereas, when x=0.15, 0.20,
0.25, the structure of samples transformed into rhombohe-
dral lattice (hexagonal setting) with R3¢ space group which
is consistent with the previously reported results [25, 26].

7 N x:0.257
x=0.2
= x=0.15
b-
E
23} _A x=0.1
A=
x=0.05
30 31 32 33 34 35
20/°
Fig. 2 Enlarged view of the strongest diffraction peak of

Lay ¢,Cag 33_K,MnO; (x=0.05, 0.10, 0.15, 0.20, 0.25)

And the band angle of Mn**—0?—Mn*" has been increasing
with the increase K™.

The enlarged view of the strongest diffraction pack of
Laj 4,Ca 33, K MnO; (x=0.05, 0.10, 0.15, 0.20, 0.25) is
displayed in Fig. 2. It is worth noticing that the strongest
diffraction peak shifts to lower degree with increasing K
content, which indicates that the increase of K* substitution
increases the volume of the unit cell. It can be also seen from
Table 2 that the cell volumes obtained from Cell Refinement
tend to increase with increasing K content. It is mainly due
to the fact that the K* ion (ionic radius=1.55 A) is partially
substituted the smaller Ca>* (ionic radius=1.18 /DX), which
makes the cell volume increase. The diffraction peaks broad-
ening with the increasing of K*, which indicates the grain
size has decreased. It can be seen from the SEM images that
grain size decreasing with the increasing of K*.

The surface morphology of the polycrystalline ceramic
La, ;Caj 33_,KMnO; (x=0.10, 0.20, 0.25) studied by
SEM is presented in Fig. 3(a—c). It is shown that grain size
decreasing with increasing of K*. And it also clearly shows
that few pores or holes are observed. The reason for this
phenomenon is that the grain boundaries and other internal
defects of the ceramic samples are less, which essentially
reflects the intrinsic behavior of the electric properties [27].

Table 2 The lattice parameters

3 o
of Loy .Cag 1y, K MaO, x (K content) a(A) b (A) c(A) v A) Mn—-O-Mn (°) Structure
0.05 5.4493 7.7197 5.4738 230.27 165.269 Orthorhombic
0.10 5.4846 7.8008 5.4658 233.85 165.419 Orthorhombic
0.15 5.4885 5.4885 13.3706 348.81 166.554 Rhombohedral
0.20 5.5046 5.5046 13.4295 352.41 166.561 Rhombohedral
0.25 5.5275 5.5275 13.3902 354.30 166.530 Rhombohedral
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Fig. 3 SEM images of La, s;Caj 33 K MnO; a x=0.1 b x=0.2 and ¢ x=0.25 and elemental mapping images of La, 4,Ca 15K ,sMnO;
In present system, the very few pores have very little effect 0.20 " T 92
on the resistivity, therefore it can be deduced that K* content ' f;g?s
may be a major part in determining the electrical property. x:0:15
The elemental mapping images of La ,Ca; o5K( ,sMnO; 0154 © x02

shown in Fig. 3, which indicated all elements (La, Ca, K,
Mn, O) were evenly distributed on the grain surface.

3.2 Electrical Properties of the LCKMO samples

In previous work, some conducting materials such as
nanocomposite had been investigated on the conductivity
[28-30]. In this paper, we focus on the resistivity to explain
the electrical transport behavior of the samples. Tempera-
ture dependence of resistivity of the polycrystalline ceramic
La, ¢;Cag 33, K MnOj is shown in Fig. 4, which was meas-
ured in warming-up processes. It can be seen that the sam-
ples for x=0.05, 0.1, 0.15, 0.20, 0.25 show metal—insulator

o x=0.25

100 150 200 250 300
Temperature/K

Fig. 4 Temperature  dependence  of
Lag ;Ca 33_,K,MnO; ceramic samples

resistivity  of  the

@ Springer



1812

J Mater Sci: Mater Electron (2018) 29:1808-1816

Table 3 Experimental date of La,¢;Cajs;_ K MnO; ceramic sam-
ples

X <> (A)  Tp(K)  TCR,, (%K)  ppu (Qcm)
005  1.222 269.7 5.44 2.000
0.10  1.241 282.1 111 0.179
0.15  1.259 291.5 247 0.079
020  1.278 307.1 1.68 0.039
025  1.296 308.9 1.57 0.047

transition at Tp. It can also be observed from Fig. 4 and
Table 3 that the T shifts to higher temperature and resistiv-
ity decreases constantly with increasing K content. It can be
seen from Table 2 that the increasing K ion is to increment
the Mn—O-Mn bond angle when x =0.05-0.20, the mis-
match effect would demote the localization of e, electrons
thereby increasing the double exchange effect which results
in the increase of conductivity and in turn the observed shift
in Tp [31]. But when x=0.25 the resistivity is increased
compared with x=0.2, it is due to the Mn—O—Mn bond angle
has been decrease as show in Table 2, furthermore, as the
doping of K increases, the Mn** concentration exceeds
that of Mn>*, thereby, Mn**—O-Mn** pairs becomes fewer.
This favors Mn**—O-Mn** super exchange interaction and
weakens the DE interaction [24]. From Fig. 5, it can be seen
that temperature coefficient of resistivity (TCR) sharply
decreases when the content of K exceeds 0.05 which is due
to the metal—insulator transition peak becomes borderer with
the increasing of K* [32].

Different conduction mechanisms of resistivity have been
reported at different temperature ranges. There are three
temperature regimes considered in this paper, viz. metallic

o
i
<
S
(9]

i

o
LI LT LT T TP LLLY ™

100 150 200 250

Temperature/K
Fig. 5 Temperature coefficient of resistivity for

La, ¢;Ca 33_, K MnOj; ceramic samples
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Fig. 6 Fit curve of electrical resistivity in different temperature range
aT<TpbTp<T<O0p/2L¢T>0,2

regime (T < Tp), insulating regime (T > 6/2, 8}, is Debye’s
temperature) and competing regime (Tp <T < 6p/2).
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3.2.1 Low temperature range (T <Tp)

Figure 6a show that at the low temperature (T <Tp), the tem-
perature dependent resistivity exhibits metallic behavior for
all samples. In order to investigate the transport mechanism
in metallic region, Eq. (1) is a well-known empirical equa-
tion has been used to fit with the experimental data: [33, 34].

Pen(T) = Po+ Py T2 + Py s T* M
where p, is the residual resistivity, it’s arising from grain
boundary scattering and other temperature independent
mechanisms. /)2T2 may be due to the electron—electron scat-
tering process which is generally observed in manganites.
The p, sT* is attributed to electron—electron, electron—mag-
non and electron—phonon scattering process in the ferro-
magnetic region. The quality of these fittings is evaluated
by comparing the square of liner correlation coefficient R?
[35]. The fitting graphs and related data of the experimental
with Eq. (1) are showing in Fig. 6a and Table 4, respec-
tively. From the fitting results it is shown that the R? for
both samples are closed to 1. It can be seen the p,, decrease
(x=0.05-0.20) with the increasing of K* from Table 4,
which indicate that K* doping increasing grain boundary
(show in Fig. 3) but it also decreases the grain boundary
scattering and increases Mn—O-Mn bond angle (show in
Table 2), this is the cause of resistivity decreases with the
grain boundary increasing which is contradicted with com-
mon sense. It is notable that when x=0.20 and 0.25 the
p4 s turned out to be negative, which is may be due to at
high doping content of K*, the electron-magnon and elec-
tron—phonon scattering process are conducive to conduc-
tivity or it have been changed to anther scattering process.

Table 4 Low temperature fitting parameters obtained from fitting
experimental data with Eq. (1) (T <Tp)

X pp (Qemx 107 p, Pas R?
[(Qem K™  [(Qem K™ x
x1077] 10713
0.05  166.54 95.76 53.47 0.9999
0.10 2146 16.81 2.15 0.9986
0.15 11.35 5.30 1.90 0.9998
0.20 7.62 3.63 -3.02 0.9997
0.25 8.43 5.15 - 1.04 0.9991

In addition, the electron—electron scattering term p,7” in
Eq. (1) is larger than that of electron—magnon (phonon)
p4sT* for all samples. Therefore, the electron—electron scat-
tering displays a major role in the conductivity of samples
in the metallic regime.

3.2.2 High temperature range (T > 0,/2)

The small-polaron hopping mole (SPH) is used to explain
the temperature dependent resistivity at high temperature
range (T > 6p/2). The polaron hopping mole could be either
adiabatic Eq. (2) or non- adiabatic Eq. (3) approximations.

ppu(T) = P, T exp(Ea/ kg T) (adiabatic) )

ppi(T) = p,. T'® exp(Ea/ kg T) (non-adiabatic) 3)
where p, is resistivity coefficient, E, is the polaron activa-
tion energy and kg is the Boltzmann constant. According to
find the type of hopping, the Holstein’s relation has been
used [36]. From this relation, the polaron band width J and
critical polaron energy band width ¢ should obey the follow-
ing condition: J/¢ > 1 for adiabatic hopping and J/¢ <1 for
non- adiabatic hopping as following Eq. (4)

1
J_ 1_33(@)4 (4)
@ Ea

The fitting graphs and related data of the experimental with
Eq. (2) and Eq. (3) are showing in Fig. 6¢ and Table 5, respec-
tively. It clearly seen from Table 5 that except of x=0.05, all
samples are adiabatic hopping mechanism. And E, decreas-
ing with the increasing of K ion, this is may be attributed
to the increasing content of K ion that induces Mn—O-Mn
bond angle increase. Thereby, widening the bandwidth and
degrading the effective mass of the charge carrier. Due to this
effect, the effective band gap decrease with increasing of K
ion. Therefore, lower values of activation energize are needed
for the charge carriers to overcome this band gap [37]. Fur-
thermore, the small-phonon coupling yp is a measure of elec-
tron—phonon interaction in the manganite. The y;, value of all
samples are presented in Table 5, it has been suggested that
electron—phonon interaction become waning with the increas-
ing of K ion, which favors the movement of the charge carriers
[38]. Millis et al. [39] did the theoretical calculation which

persmeters abtained from Biing EmeY) 6K eV @ w R

experimental data with Egs. (2) 0.05 174.47 553.9 27.45 0.962 7.310 0.9993

and (3) (T>6,y/2) 0.10 154.20 595.1 28.96 1.010 6.014 0.9982
0.15 136.08 599.6 29.88 1.071 5.267 0.9997
0.20 97.14 635.9 30.44 1.153 3.545 0.9858
0.25 55.63 623.4 29.99 1.318 2.071 0.9875
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demonstrated that the y; is the crucial parameter controlling
Tp: decreasing yp increases Tp.

3.2.3 Medium temperature range (Tp < T < Tp)

The temperature dependent resistivity on the range between
Tp and 65/2 may be explained on the basis of the variable-
range hopping (VRH) mode. From this mode, resistivity fol-
lows Eq. (5):

p(T) = p, exp (T, /T Q)
where
Ty = 16a° / ky N(Ey) (6)

The inverse of localization length « is taken as 2.22 nm™!
as reported by Navasery et al. [40] and N(E}) is the density
of states near the Fermi level. The fitting graphs and related
data of the experimental with Eq. (5) are showing in Fig. 6b
and Table 6, respectively. The N(E}) found to increase with K
doping which suggested an appreciable increase in the number
of charge carriers accompanied by increase of conductivity of
K doping. This is supported by resistivity data. The observed
high value of N(E) validates the small polaron hopping nature
of carriers in the presently investigated manganites [41].

3.2.4 Whole temperature range

The resistivity in the entire temperature range is analyzed
using the phenomenological percolation model explained [42].
This model takes into account the contributions arising from
the terms pp\(T) and ppy(7), and the combined equation as
Eq. (7)

P(T) = pry (DN + ppy(TH(A = f) (7
where fis the volume fraction of the ferromagnetic (FM)
phases and (1 — f) is the paramagnetic (PM) phases. In pre-
sent case ppy(T) and ppy(T) are obtained from Egs. (1-3),
respectively. Volume fraction of FM and PM phases satisfy
the Boltzmann distribution:

_ 1
/= 1+exp<%> (®)

Table 6 VRH model fitting parameters obtained from fitting experi-
mental data with Eq. (5) (Tp<T <6p/2)

X T, (K) N(Ep) eV~ em™) R?

0.05 5.42x10° 3.75%x10% 0.9708
0.1 1.55% 107 1.31x10% 0.9879
0.15 2.28x10° 8.92x10%° 0.9503
0.20 1.86x 10* 1.09%10% 0.9618
0.25 4.80%10° 4.23%10% 0.9020

@ Springer

Table 7 Percolation model fitting parameters obtained from fitting
experimental data with Eq. (7)

X % (K 10%) Te-moa (K) R’

0.05 1.87 263.93066 0.9997
0.10 1.86 285.42466 0.9980
0.15 226 293.01966 0.9999
0.20 222 312.07645 0.9992
025 245 301.19909 0.9999

where U % —UO(1 = T/T,. .4 ) is the energy difference
between FM and PM states. T, , denotes the temperature
in vicinity where resistivity has a maximum value. The
experimental data have been fitted in the entail temperature
range using Eq. (7) and results are summarized in Table 7.
It is seen that the volume fraction fis equal to 1 (FM phase)
well below the Tp, and slowly approaches to 0 (PM phase)
with the temperature increases. The transition from FM to
PM phase takes place slowly over a wide temperature range.
The experimental data of resistivity confirms the validity of
the percolation model in the presently system (Fig. 7).

3.3 Magnetic properties

Figure 8 display the temperature dependence of magnetiza-
tion obtained in the zero field cooled (ZFC) processes. The
La; 4,Ca 33, KMnO; (x=0.05, 0.15, 0.25) samples with
applied magnetics field of 0.1 T, and the insert graphs is
dM/dT versus temperature curve. The Curie temperature
(T,) was defined from the temperature of the peak of dM/
dT. It can be seen from Fig. 8 that T is 265 K for x=0.05,
279 K for x=0.15 and 296 K for x=0.25, which is agree
with the previously reports on the similar compounds [43].
The increase of T with the K* increasing can be explained

T T T T T T
= x=0.05
x=0.1
x=0.15
0.154 ¢ x=02
o x=0.25
Fit curve

0.20+

Q-cm

p/

0054 .

T T T T
200 250 300
Temperature/K

E i
100 150

Fig. 7 Fit curve of electrical resistivity with percolation model
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Fig. 8 Temperature dependence of ZFC magnetization (M) for
Lagy ¢;Cag 33K MnO; (x=0.05, 0.15 and 0.25) samples at 0.1 T,
insets show dM/dT as a function of temperature for the samples

by the enhance DE mechanism [44, 45]. From Table 2, we
can see that Mn-O-Mn bond angle and the cell volume are
increased induced by the larger size of K* substitution for
Ca”" and larger the A-sit radius. Thereby, the DE interac-
tion increase and the degree of Jahn—-Teller distortion is
decreased, resulting in the enhancement of ferromagnetic
properties and the increasing of T.. Furthermore, the
decreasing of grain size caused the T values increase [46].

4 Conclusion

In this paper, we had elaborated and studied the effect of the
substitution of the Ca®* by K* on the structure, morphol-
ogy and electrical properties of the polycrystalline ceramic
Laj ¢,Ca 33_, K MnOj; prepared by sol-gel method. The
XRD patterns confirmed this samples had been transformed
from orthorhombic to rhombohedral structure. And incre-
ment the Mn**—0O*—Mn** bond angle with the K* content
increasing. The substitution of Ca** for K* increased the
volume of the unit cell. SEM images indicated that the grain
sizes of these samples were decreased with the increasing of
K™. The measurement of the resistivity-temperature curves
showed that the metal-insulator transition temperature
Tp shifts to higher temperature, and TCR been decreases
with the increasing of K*. The low-temperature (T <Tp)
resistivity had been relativity well fitted with the relation
p(T) = py+ ,02T2 + p4.5T4'5 , inducting the electron—electron
scattering was the major effects in the conduction. The high-
temperature (T > T)p) resistivity data were explained using
VRH and SPH models. E, decreased with the increasing
of K ion which attributed to the Mn—O—Mn bond angle
increase and effective band gap decrease, lower E, was

needed for the charge carriers to overcome this band gap.
And the yp value was decreased which also suggested the
resistivity of samples decreases with the increasing of K
ion. Percolation model had been described the resistivity on
entire temperature range. The T increased with the increas-
ing of K content. However, in this paper, we only provided
a simple explanation of the resistivity behavior, the more
deep and intrinsic understanding of electrical property needs
to be researched. In the next stage, we plan to investigate
the mechanism of K doping deteriorating TCR of LCMO
ceramics.
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