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Experimental results and the analysis of a resistivity of La; _»(K, Ag)yMnO3; manganites are presented. The
behavior of the resistivity p(T) in a wide temperature range and a phase transition region are described.
For the description of p(T) near a phase transition temperature are used the representations of the per-
colation theory. A percolation threshold dependence on doping degree in La; (K, Ag)xMnO3; manganites

is studied. In La;_yKyMnOs3 system for samples with x <0.12, an infinite conductivity channel forms at
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temperatures below the Curie temperature, and with x>0.12 of potassium concentrations it is appeared
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1. Introduction

Manganites doped by univalent ions (Na, K, Ag) have a number
of essential distinctions as compared with well-explored mangan-
ites Lny_4AxMnOs3, where A is a divalent metal (Ca, Sr, ...). When
doping a maternal composition LaMnOs3 by univalent ions of Ag*,
K*, in order to keep the charge balance, it is needed that two ions
of Mn3* change into Mn** per every introduced univalent ion of
Ag*, K*, what means the narrowing of phase diagram T-x along
the x axis and high values for T at low doping degree (x<0.2).
The merit of these manganites is a high sensitivity of their physical
properties to the magnetic field, large colossal magnetoresistance
effect (CMR) [1-9] and magnetocaloric effect (MCE) observed in
the vicinity of room temperatures [10-14]. Moreover, the mangan-
ites belong to systems with strongly correlated electron properties,
where a strong interconnection reveals between the electron, mag-
netic, and lattice subsystems of a solid state. This implies that there
is a direct functional connection between the parameters describ-
ing these subsystems [15,16].

Evenso, univalent manganites still remain less studied materials
than manganites doped by divalent metal. The reasons for this, first
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of all, are technological difficulties in a production of high-quality
ceramic samples because of the thermal instability; to receive the
monocrystalline samples seems to be impossible at all.

Available literature information on the experimental results of
electrical properties of La;_yAgxMnO3 [1-6,17] and La;_xKxMnO3
[7-9] manganites is rather contradictory. First of all this is con-
nected with that the manganites doped by univalent ions can be
synthesized only by ceramic technology, what implicates a strong
dependency of the properties on technological parameters (P(O3),
T, t).

Earlier we have carefully studied the structural and magne-
tocaloric properties of La;_yAgxMnO3 [12] and La;_xKyMnO3 [14]
manganites. We attend sufficient attention to electrical properties
of La;_yAgxMnOj3 system that described in [4,16,18-20]. The works
[16,19,20] are devoted to the quantitative analysis of the resistiv-
ity in La;_yAgxMnOj3 species within temperature intervals 4-350 K.
The p(T) behavior close to the metal-insulator transition temper-
ature is described within the framework of the percolation theory
well enough. In this manuscript, the temperature dependence of
the resistivity for La; _yKyMnO3 (x=0.05; 0.1; 0.11; 0.13; 0.15 and
0.175) system is analyzed similarly; a comparative analysis with
the results derived earlier for La;_xAgxMnOj3 species are presented.
As opposed to our previous works, in this one, we endeavour to
explain an origination of additional peaks in curve and to ana-
lyze the temperature dependence of ferromagnetic phase volume
fraction.
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Fig. 1. Scanning electron microscopy data. The picture of surface: (a) for
Lag.87Ko.13Mn0s, and (b) Lag s5Ag0.15MnOs3.

2. Results and discussion

La;_x(K, Ag)xMnO3; compounds are ceramic samples. A syn-
thesis processing and characteristics were described in work
[4] for La;_xAgxMnOs and in [14] for La;_yKxMnOs. The main
parameters of annealing for samples of La;_yAgxMnOs were
T=1100°C, P(O3)=1atm, t=25h; La;_4K«MnO3 were synthesized
at T=1000°C, P(03)=1atm, t=30h. X-ray analysis data indicated
that the received samples were univalent rhombohedral distorted
perovskites and belonged to the spatial group R3c. The ceramics
had a homogeneous grained structure with a pellet mean size of
100-300 nm for La; _yKxMnO3 and 1 pm for La; _yAgxMnOs (Fig. 1a
and b).

The samples, produced by a ceramic technology, possess the
submicron sizes of pellets, and transport properties of such ceram-
ics are defined by the pellet boundaries. An expression for the
resistance of such samples is p=p+(L1/Lg)p1, where py means
a crystallite resistance with mean size Ly, pq is a pellet boundary
resistance with mean width L;. As a rule p; > pg. As was shown
in [21] the resistance of ceramic samples of La-Sr-Mn-0 increases
more than in 5 orders of magnitude at decreasing of pellet sizes
from 10 mkm to 20 nm. This implies that a main contribution into
the resistance magnitude make grain boundaries. In these samples,
a metal-insulator phase transition is illegible spread maximum;
a temperature of the maximum is considerably lower than Tc.
The researches of inherent, undisguised by grain boundaries of
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Fig. 2. Resistivity temperature dependence: (a) for La;_xKiMnOs. Numbers of
curves correspond to numbers of samples: 1 - x=0.05; 2 - x=0.10; 3 - x=0.11;
4-x=0.13;5-x=0.15and 6 - x=0.175. (b) For La;_yAgxMnOs. Arrows indicate the
Tc, and v denotes Tiqx.

manganites properties are required samples with sufficiently large
(microns) pellet sizes and dense intergranular contacts.

Fig. 2 (a and b) demonstrates the experimental results on tem-
perature dependences of the resistivity for La;_yKyMnO3 (x=0.05;
0.10; 0.11; 0.13; 0.15 and 0.175) and La;_,AgxMnOs (x=0.10;
0.15 and 0.20). As is evident from figures, a p(T) behavior is of
bell-shaped form, typical for other manganites: a metallic behav-
ior is lower of some Ty, and semiconductive course is higher
of Tnax (Tmax Means a temperature under which dp/dT changes
the sign). However, there is an essential discrepancy that in
La;_xKxMnO3, except extended maximum at Trqx, Small humps are
revealed at T> Tyyax. Double peaks are detected for some samples in
La;_yAgxMnOj3 system. Occurrence of two maxima in p(T) curves
of polycrystalline manganites is not rarity [1,4,6,22]. The simplest
reason for that is a presence of structure and phase heterogeneities
that can be eliminated by means of homogenizing [4,6]. But such
explanation does not fit to the system of La;_yKyMnOs, as the X-ray
- structural and X-ray - phase analyses confirm the homogeneity
of studied samples [14].

The in-depth physical processes underlying the occurrence of
two maxima are not detected finally; in any event, it was lively
discussed in literature [1,23,24]. Authors [1] explained the o(T)
dependence for La;_yAgxMnOs3 ceramics using the model of a het-
erogeneous electron phase layering and argued in favor of that
choice. E. Rozenberg [23], in his comments to the work [1], indi-
cates that the interpretation of authors [1] is inconsistent, and such
a behavior is explained by a grain boundaries effect.

The meaning of the effect consists in the following. Granular
(polycrystalline) manganites are the heterogeneous systems: each
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Fig. 3. The temperature dependence of the resistivity and heat capacity for
Lagg7Ko13Mn0O3 at H=0 and H=11 kOe.

pellet should be considered as a grain consisting of a center with a
certain T¢ and the same near surface layer depleted by the charge
carriers [25]. This layer is magnetically and structurally heteroge-
neous; it has its own very fuzzy critical temperature considerably
lower than T¢. Under this reason, when falling the temperature,
at first we observe a magnetic phase transition inside the pellets
with T¢ (humps on p(T) dependence), and the intergranular layer
continues to be in paramagnetic insulating state and is a barrier
for charge carriers. When further decreasing the temperature, a
magnetic ordering is formed in the intergranular space, which is
attended by appearing of infinite conducting channel and a change
in derivative sign of dp/dT.

The analysis of our experimental data show that they are on the
scheme (Fig. 2). The humps on p(T) curves observed at temperature
falling agree precisely with T¢, which we defined as temperatures
of magnetocaloric effect maximum at low values of a magnetic field
[14], and with temperatures of CMR effect maximum, which usu-
ally coincide with T¢. A continued decrease in temperature induces
a further increase in the resistivity, especially clear in weakly doped
samples, notwithstanding the magnetic phase transition inside of
pellets is finished already. Only at Tpnax, When the infinite conduct-
ing channel is formed in the system, the resistivity begins to fall.
Furthermore, the behavior of additional peaks in the magnetic field
is identical with the behavior of ferromagnetic heat capacity in the
magnetic field, i.e. the field of 11 kOe mutes the anomaly and shifts
a maximum temperature towards high temperatures by AT=8K
both along Cp(T, H) [26] and by p(T, H) data (Fig. 3). All above men-
tioned and a regularity of their occurrence with K-concentration
indicates that these additional maximums in p(T) dependence are
the appearance of the magnetic phase transition in La;_,KxMnOs.

Fig. 2(b) presents the temperature dependence of the resis-
tivity for La;_4AgxMnOs, which we studied in detail earlier
[4,18-20]. Works [1,4,6] reported about a nature of additional max-
imums in La;_4AgyMnOs3. Researches on transport properties of
La;_4AgxMnO3; manganites [4,6,22] indicated that in some cases the
same composition demonstrated two peaks on p(T) dependence
versus synthesis conditions (P(O,), T, t); in others it revealed only
one, that also confirmed a technological nature of additional peaks
occurrence.

As it is evident from Fig. 2 (a and b), Ty; < T for La;_yKxMnOs3
species and Ty >Tc for La;_4AgxMnOs, an origination of such a
behavior is not clear, most likely the reasons are in synthesis tech-
nology [4]. In the majority of monocrystalline manganites showing
the metal-insulator transition, the temperatures, under which
the magnetic ordering and metal conductivity appear, approxi-
mately agree with each other [27,28], what corresponds to a double
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Fig. 4. Temperature dependence of LaggAgo1MnOs resistivity. Dot line means the
approximation by Eq. (1), dash and dot line is approximation by Eq. (2), solid line
corresponds to data by Eq. (3).

exchange model, and any additional anomalies in p(T) behavior are
not found. However, it turned out that the same behavior is typical
for monocrystalline manganites [29], but the |Ty; — T¢| difference
is substantially narrower than for ceramic samples. An existence
of magnetic-biphase ferromagnetic and antiferromagnetic state
excited by a strong s—d exchange can serve as one of possible rea-
sons for such difference between Tc and Ty in manganites [29,30].

For the sake of determination of the percolation threshold
dependence on a concentration of doping elements we carried out
a quantitative analysis for the resistivity temperature dependence
of explored samples. In low-temperature ferromagnetic phase, the
p(T) dependence is approximated by an expression that includes
several scattering mechanisms (dot line in Fig. 4):

pra(T) = po + AT? + BT*> (1)

where pq is the residual resistance, a term AT? is usually assigned
to the mutual scattering of charge carriers, a term BT*5 is caused
by electron-magnon processes of scattering. The p(T) dependence
above metal-insulator transition temperature is well approxi-
mated by the thermoactivation law (dash and dot line in Fig. 4):

Ep
p=DT exp (IqTT) (2)
where Ep implies the activation energy, D is a coefficient indepen-
dent from T. Polarons of small radius serve as charge carriers in
this region that implement the conductivity by jumping into the
nearest free states. A detail description for values and meaning of
approximation coefficients (pg, A, B, D, Ep) in Egs. (1) and (2) and
consequent conclusions were given in works [4,28].

Taking into account that metal-insulator transition has a per-
colation character and assuming that a competition between
ferromagnetic and paramagnetic regions is of great importance in
formation of the CMR effect a complete expression for the resistivity
can be written in following way [31]:

o(T) = prmf + ppm(1 = f)

where fis the volume concentration of ferromagnetic (FM) phase,
(1 —f)is the volume concentration of paramagnetic (PM) phase. The
volume concentrations of FM and PM phases satisfy the Boltzman
distribution:

f= 1
" 1+ exp(AU/kgT)
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Fig. 5. The temperature dependence of ferromagnetic phase volume fraction for
different samples: (a) for La;_xKyMnOs and (b) La;_xAgyMnOs3. The points on f{T)
lines are the Curie temperature for corresponding samples.

where AU~ — Uy(1 —T/T¢;) implies an energy difference between
FM and PM states, T¢; means a temperature in the vicinity of
what the resistivity has a maximum value [31]. Then a complete

expression describing the resistivity dependence as the tempera-
ture function is of the form:

p(T) = (po + AT? + BT5)f + DT exp (IcIfTPT) (1-f) 3)
Results approximated by Eqs. (1)-(3) are presented in Fig. 4
for LaggAgp1Mn0O3. The same analysis of p(T) dependence for
La;_xKxMnOs3 and La;_4AgxMnO3 was shown in works [8,16,19]. As
itis clear, the Eq. (3) describes the p(T) behavior in a wide temper-
ature range quite enough. Such an approximation does not imply a
profound physics, but merely it is a form of mathematical descrip-
tion for p(T) dependence, at the same time such calculations more
clearly demonstrate the general laws what is shown below.

The temperature dependence of a ferromagnetic phase vol-
ume fraction f(T), that is corresponds to reduced magnetization
fT)=M|Ms at first approximation, can be estimated from the
approximation of p(T) data using Eq. (3) [16,19,32]. The f(T)
temperature dependence for all Laj_y(Ag, K)xMnO3; samples is
demonstrated in Fig. 5(a and b).

As follows from Fig. 2(a) the T¢ exceeds Ty, i.€. Tc > Tiax for all
La;_xKxMnO3 samples. A qualitative explanation of observed sys-
tematic excess of T¢ over Ty consists in following. The occurrence
of ferromagnetic ordering at T¢ roughly coincides with achieving
of ferromagnetic phase critical volume (f), called the percolation
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Fig. 6. The dependence of Tc and Tf=0.17 on concentration: (a) for La;_xKyMnO3
and (b) for La;_xAgyMnOs.

threshold, in which an infinite percolation channel (f=0.16-0.31)
is formed [33,34]. The rest of the sample volume (1 — f) still remains
in an insulator state, for which the p(T) dependence has a semi-
conducting character (dp/dT <0). The derivative changes a sign and
the metallic conductivity starts, i.e. the metal-insulator transition
occurs only after achieving f> 0.5, when the ferromagnetic phase
volume exceeds the insulator phase. A competition between these
two mechanisms of conductivity brings us to the observed depen-
dence of p(T). In this connection we mention a work [22] where
the authors detected the Tc dependence on the pellet sizes for
LaggTeg.1MnOs3. They shown that T¢ and Ty approximately coin-
cided with each other for the samples with pellet mean sizes of 53,
82 and 120 nm; when further decreasing in pellet sizes (~40 nm)
Tc=268K, Ty =222K. Such sharp rise of Tc with pellet sizes loss,
the authors attributed to the growth of valence angle of Mn-O-Mn.
In principle, such a mechanism could be underlain the difference
between T¢ and Ty for La—(K, Ag)-Mn-0, however it is unlikely,
as a mean size of pellets was 100-300 nm for La;_yKxMnO3 system
and 1 pm for La;_yAgxMnOj3 system.

In Fig. 5(a and b), a shaded area involves an interval, in which
an infinite percolation channel can be occurred in manganites.
The thick dots on f{T) diagrams imply the Curie temperature for
all corresponding samples. As follows from Fig. 5(a), the infinite
channel is formed at temperature below the Curie temperature for
La;_xKxMnOs3 system with x <0.12 and when K-concentration is
x>0.12 atT>Tg.

Graphically it is presented in Fig. 6(a), where the dependence
of the Curie temperature (T¢) and Ty=0.17 on potassium concen-
tration for the La;_yKxMnOj3 is shown, (Ty=0.17 is a temperature
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under which the infinite conductive cluster forms). Fig. 6(b) dis-
plays the dependence of Tc and Ty=0.17 on silver concentration for
La;_xAgxMnOs, whence shows that Tc>T;=0.17 for all samples. A
distinction in the dependence of T;=0.17 on concentration of dop-
ing elements in La; _xKxMnOs3 and La;_yAgxMnOs is a consequence
of different sizes of the pellets most likely.

So, the temperature and concentration dependences of the
resistivity are studied for La;_yKyMnO3 and La;_,AgxMnO3 sam-
ples. The anomalies, connected with paramagnetic-ferromagnetic
transition, are detected on p(T) dependence in La;_yKxMnOs3 over
metal-insulator transition temperature, and Tpyqx < T¢ for all sam-
ples. The mechanisms of carriers scattering in ferromagnetic,
paramagnetic phases and the dependence of ferromagnetic phase
volume on a change in temperature are determined.
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