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The present study investigates the structural, magnetic, and electrical properties of non-stoichiometric
LaMn;«CuxO; (x=0, 0.025, 0.05, 0.075, and 0.125) ceramics. The results of X-ray diffraction refinement
indicated that all samples were crystallized in an orthorhombic structure and no apparent crystal structure
change was introduced by doping Cu up to x=0.125. The Ferromagnetic (FM) nature revealed by non-
stoichiometric LaMn;.,Cu,Oss was verified through the appearance of Paramagnetic-Ferromagnetic
(PM-FM) transition temperatures in AC magnetic susceptibility measurement of the samples. Due to the
coexistence of Antiferromagnetic (AFM) and FM phases, all samples contained Re-entrant Spin Glass
(RSG) and Cluster Spin Glass (CSG) states. The results showed that FM phase was comparable or even
dominant in the doped samples up to x=0.075; however, after doping, AFM phase overcame the FM
phase as a result of reduction of double exchange interaction. Temperature dependence of resistivity
measurement indicated that upon increasing the Cu-doping level, resistivity decreased, except for the
x=0.125 sample, and that metal-insulator transition at low temperatures was detected in the doped
samples. Furthermore, changing the magnetic phase in the case of x=0.125 sample from FM (in x=0.075)
to AFM dominant phase was accompanied by changing the transport parameters obtained from small
polaron hopping models.

https://doi.org/10.30501/acp.2021.233610.1044

1. INTRODUCTION

Doped manganites

RMnO3

K and the Mn®" ions are coupled through a Super-
Exchange (SE) interaction [4,5]. Besides the ABOs-type

(R=rare-earth) with perovskites, Manganese compounds of composition

perovskite structures and a variety of magnetic and
electrical behaviors have considerably attracted the
attention of a number of researchers due to their
remarkable coupling among freedom degrees of spin,
charge, and orbit [1]. Manganese compounds can be
applied in magnetic memory devices, Sensors,
refrigeration, medicine, biology, and photocatalytic
activities [1-3].

Among these compounds, stoichiometric LaMnOj3
(LMO-La*Mn3*0%3) is an A-type Antiferromagnetic
(AFM) insulator below the Néel temperature (T ) of 140

* Corresponding Author Email: ehsani@semnan.ac.ir (M. H. Ehsani)

AMNO; (Manganite) can be applied in magnetic memory
devices, sensors, refrigeration, medicine, biology, and
photocatalytic [4-6].

When a divalent A?* ion such as (A= Sr, Ca,) is
substituted for La®* in La1-«AxMnO3 (LAMO), the Mn3*/
Mn#* ratio changes. This mixed-valence of Mn ion allows
an electron to hop between them and produce a
Ferromagnetic (FM) Double-Exchange (DE) interaction,
which also promotes metallic electrical conduction with
different compositions, x, [6-8]. The complicated and
fascinating magnetic, electrical, and structural properties
of LAMO were attributed to strong coupling among spin,
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charge, orbital degrees of freedom, and lattice vibrations
which were mainly explained by DE, Jahn-Teller (JT)
distortion, and electron-phonon interactions. Besides the
DE mechanism describing the interaction of Mn®" and
Mn** neighboring ions, JT distortion and electron-
phonon interactions, phase separation, Griffiths phase,
charge, and orbital ordering and their competitions, small
polaron, and magnon correlated transport were employed
to explain different properties of manganites [4-13]. As a
result of a change in two effective parameters, i.e.,
Mn®/Mn** ratio and angle/width of Mn-O-Mn bonds, in
A-site doping, interesting magnetic and electrical
properties are observed [14-21].

In addition to this kind of doping, the Mn-site doping
with magnetic or nonmagnetic ions also offers numerous
attractive properties for manganites. Experimental
studies on B-site doping in stoichiometric polycrystalline
LaMn;xBxOs (LMBO) compound by magnetic cations
(B=Fe, Co, Ni, Cr, ...) and nonmagnetic cations (B=Zn,
Li, Ga, Ti, ...) have demonstrated different physical
properties, due to the concurrence of different valence
states of Mn ions and magnetic interaction between the
magnetic substituted ions and Mn ions [22-31]. De Lima
et al. [22] investigated the magnetic properties of
LaMni«FexOsis (0< x <I1) samples and detected some
signs of the occurrence of CG in the whole doping range
as well as appearance of FM phase and suppression of
ferromagnetism while x increased. Sun et al. [23] and
Ramos et al. [24] reported that Cr-doping in the LMO
samples introduced ferromagnetism and CG behavior.
Gong et al. [25] and Tong et al. [26] studied magnetic,
electrical, and magneto-transport properties of Zn-doped
LMO samples. Focusing on Jahn-Teller effects on FM
nature, PM-FM phase, MR behavior, and carrier
transport mechanism, they found that Zn-doping could
decrease the effects of Jahn-Teller distortion and
observed CG behavior. Shana et al. [27] observed an
RSG state for Ti-doped LMO samples. Hebert et al. [28]
reported the effects of Co, Ni, Zn, Li, and Ga-doping in
the LMO samples in detail and showed that establishment
of ferromagnetism and enhancement of conductivity in
all samples strongly depended on the valence of doping
ions and, consequently, the Mn3*/Mn** ratio.

Knizek et al. [29] studied the structural, electro-
magnetic, and catalytic characterization of the
LaMn,_Cu O, . (x=0, 0.05, 0.10, 0.25, 0.5, 0.75, 0.90

and 0.95) samples prepared by the solid-state reaction
method with different preparation procedures (slowly
cooled and quenched samples). Different properties of
those samples were reported.

This paper intended to obtain a comprehensive
experimental characterization of the intermediated doped
LaMn,_Cu O, - (x=0, 0.025, 0.05, 0.075, and 0.125)

samples prepared by a simple method, including novel
results of AC magnetic susceptibility and resistivity
Versus temperature measurements.
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2. EXPERIMENTAL PROCEDURE

The LaMn, Cu,0, . (x= 0. 0.025, 0.05, 0.075, and

0.125) samples were prepared through a simple synthesis
method which was based on grinding the acetate
precursors in the presence of citric acid [32]. The
synthesis process is briefly summarized in the following:
first, manganese acetate, lanthanum acetate, copper
acetate, and citric acid powders were mixed by an equal
molar ratio of total metal acetates to citric acid. Then, the
powders were ground for 2 h and the ground powders
were annealed in the air at 600°C for 6 h. Next, the
annealed powders were palletized under pressure of

10° N/cm” and sintered at 1200 °C for 6 h. The resistivity
measurements were carried out by the four-probe method
using a Leybold closed-cycle refrigerator. The AC
susceptibility measurements were performed using a
Lake Shore AC Susceptometer (Model 7000). Finally,
the X-Ray Diffraction (XRD) patterns of the samples
were taken on Philips XPERT X-ray diffractometer.

3. RESULTS AND DISCUSSION

3.1. STRUCTURAL PROPERTIES

Figure 1 shows XRD patterns for all samples. The
XRD data were analyzed by Rietveld refinement using
the FULLPROF program, the results of which are
collected in Table 1. A typical diagram for Rietveld
refinement analysis of x=0.025 sample is shown in
Figure 1(b), which is indicative of a good agreement
between the observed and calculated profiles. According
to this analysis, no trace of secondary phase was
detectable and the samples had an orthorhombic crystal
structure with Pbnm space group.

Based on the data collected in Table 1, in case the x
value changed from x=0 to 0.05 (first group), the unit cell
volumes of the samples would slightly increase;
however, these volumes decreased for x=0.075 and
x=0.125 samples (second group).

The obtained results for the first group was already
expected. Since the Cu ions with a stable form of Cu?*

[32, 33] have larger ionic radii (0.73 A) than the average
ionic radii of Mn (Mn’" = 0.65 A and Mn*" = 0.53 A)
[27], the substitution of cu® would systematically
increase the bond length, lattice parameters, and unit cell

volumes. However, the uncommon decreasing behavior
in the unit cell volume of x=0.075 and x=0.125 samples

suggests that some of the substituted Cu ions are in a cu®’
state with a radius of 0.54 A, which is smaller than that

of Mn®* and larger than that of Mn** [34]. Therefore, cu®

and Cu’" states may appear in these samples, suggesting
that the changes of the unite cell volume and lattice
parameters are not regular with Cu content.
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A similar  phenomenon  was observed in
(La,Ba)Cu1.xMnyOs and Lao.7Sro.3sMn1«xCuxO3
compounds, where Cu®* ions were substituted for the Mn
ions sites [35,36].
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Figure 1. (a) XRD patterns for all samples, (b) Room
temperature XRD pattern (red symbol) and Rietveld profile
file (black line) for x=0.025 sample

TABLE 1. Lattice parameters (a and c), unit cell volume (V),
average crystallite size, and (D) grain size

Sample a b c \
Name A) A) A) GY)
x=0.00 5.521(3) 5.432(6) 7.847(2) 235.376(9)
x=0.025 5544(7) 5.397(1) 7.365(5)  235.513(1)
x=0.050 5.527(8)  5.450(6)  7.835(9) 235.673(2)
x=0.075 5557(1) 5.373(6) 7.839(7)  234.100(1)
x=0.125 5.538(3) 5.393(2)  7.833(6) 233.986(1)

3.2. MAGNETIC PROPERTIES

Figures 2- 4(a) show the real (y') and imaginary (")
parts of AC susceptibility for the samples that were
measured in the AC field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, respectively.

Two peaks in the curves of AC susceptibility of the
parent sample were observed upon decreasing the
temperature, as shown in Figure 2(a). The sharp peak
with a A-shaped character was also observed at lower
temperatures known as the Neel temperature, i.e., T, a

frequency-independent temperature repeatedly observed
for stoichiometric LMO samples between 100 and 140K
[4, 5]. The broad peak observed in AC magnetic
susceptibility curves might be related to Curie
temperature.

While the stoichiometric LMO has AFM nature, non-
stoichiometric LMO which easily adopts excess oxygen
shows a different magnetic phase diagram [32, 37]. In

fact, in the non-stoichiometric compound LaMnO,_

excess oxygen changes some of the Mn®* ions to Mn**
ions, thus leading to the charge imbalance in the lattice
and, consequently, FM-DE interactions between

Mn>'and Mn" ions. In the magnetic phase diagram of
LaMnO, ,, both FM insulator and FM clusters embedded

in an AFM matrix were observed depending on the
values of 6 [32, 37].

Therefore, the second peak observed in the curves of
AC magnetic susceptibility (Fig.2(a)) at higher
temperatures could be related to Curie temperature
transition (Tc~167K); accordingly, the parent sample
was considered non-stoichiometric LaMnO, ..
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Figure 2. (a) Temperature dependence of left) y' and right) x"
for x=0 in a magnetic field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, (b) Temperature dependence of
left) ' and right) x" for x=0.025 in a magnetic field of 10 Oe
and frequencies of 40, 111, 333, 666, and 1000 Hz

Joy et al. compared the Curie temperatures of
LaMnO, , compound and regarded them as a function of

Mn** content from the related literature. They found that
the Curie temperature of non-stoichiometric LaMnO,

depended on the synthesis method or growth conditions
such as calcination/sintering temperatures and could
change from 60K to 280K [25]. A ccomparison of the
values of Curie temperature (Tc~167K) obtained from
the susceptibility magnetic measurement with those of
other reports [32] confirmed that 6<0.11 in the present
sample.

Similar to the parent sample, two peaks were observed in
the patterns of AC magnetic susceptibility of other
samples as well. Figures 2(b)-4(a) show that Curie
temperatures T become sharper and increase with the Cu

content growth. The Cu?* substitution on Mn sites
produces the Mn** ions to maintain the electroneutrality
of the lattice. Accordingly, upon increasing the
Mn*/ Mn®* ratio, the local DE between Mn3* and Mn**
would be developed in the Mn®-O-Mn¥* AFM
background. Therefore, the peak corresponding to Curie
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temperature for x=0.025 to x=0.075 samples (Fig.3 (b))
became considerably sharper. In the case of x=0.075
sample, the proportion of DE within the framework of the
Mn3*-O-Mn** interaction overwhelmed the AFM SE
interactions of Mn®*-O-Mn?* and Cu?*-O-Cu?* networks.
However, as depicted in Figure 4(a), the pattern of AC
susceptibility indicates that while the proportion of DE
decreases with further doping of Cu in x=0.125 sample,
that of the Cu?-O-Cu* or Cu**-O-Cu®* AFM
interactions increases, thus decaying the macroscopic
ferromagnetism in this sample. The same behavior was
reported by Sun et al. in LaMn1.xCuxOs, but for x=0.3
sample [28]. Such difference was observed probably due
to the Mn*/Mn®* ratio in the crystal lattice of samples,
which strongly depended on the oxygen stoichiometry
[33].

Contrary to what is seen in Figure 2(a), for the first peak
at a lower temperature for the parent sample, all the
doped samples showed a frequency-dependent peak (T,).

T, shifted towards higher temperature by increasing the

frequency, thus confirming the coexistence and
competition between FM and AFM interactions and
favoring the formation of a spin/cluster glass states.
Similar behavior was also identified by substituting Mn
for Fe, Ti, Ga, Cr, and other cations in manganites [22,
38-40]. Such frequency-dependent behavior can be
normally related to the existence of Spin-Glass(SG) or
CG phases in these samples.

Based on the experimental data obtained from the
frequency dependence of freezing temperature, Ts, can be
expressed through the conventional Critical Slowing
Down (CSD) model [41, 42]:

f="f (%)“ (1)

where fy is in the range of 10 °-10%3s? for SG systems,
Tg is the RSG transition temperature, and T, is the

frequency-dependent freezing temperature, at which the
maximum relaxation time of the system corresponds to
the measured frequency. Parameter zv is a dynamic
critical exponent which shows the strength of interactions
and varies between 4 and 12 for SG systems.

The Ln-Ln plot of the external frequency (f) versus
reduced temperature, (Tr- Tg)/Tg, shows an excellent
linear dependence, as depicted in Fig. 4(b). The best-
fitting values are given in Table 2. The estimated values
for x=0.025 and x=0.05 samples were within the realm of
three-dimensional spin-glasses [43]. RSG behavior was
found in a variety of disordered magnetic materials, in
which there was a competition between SG ordering and
long-range FM ordering, i.e., in the systems with a
majority of FM couplings between the individual spins
and a sufficiently large number of AFM couplings, to
create substantial frustration. In case of a decrease in the
temperature, this system shows a transition from PM to

FM phases. Upon further reduction of the temperature,
typical SG behavior, commonly called RSG, is
observable. By substituting Cu for Mn, the density of the

holes (Mn4+) would increase and the DE interaction

would be improved. Any increase in the Mn* and FM
phase in AFM matrix would produce spin frustration and
cause the occurrence of RSG in x= 0.025 and x= 0.05
samples. In the case of x=0.075, Cu content was
sufficient to improve the long-range FM ordering with a
CG regime at low temperatures. Therefore, the values
given in Table 2 are out of the predicted values for the
SG system. Moreover, in the case of x=0.125, AFM
ordering is dominant and the estimated zv value is out of
the predicted values for SG systems.
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Figure 3. Temperature dependence of left) ' and right) " for
x=0.0.05 in a magnetic field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, (b) Temperature dependence of
left) y' and right) " for x=0.075 in a magnetic field of 10 Oe
and frequencies of 40, 111, 333, 666, and 1000 Hz
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Figure 4. Temperature dependence of left) ¥' and right) x" for
x=0.0.125 in a magnetic field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, (b) Ln-Ln plot of the reduced
temperature (T /Tg -1) versus frequency for all samples
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TABLE 2. Parameters obtained from analysis of the
experimental data using CSD model

Sample Te(K) Zv fo(s™) Ty (K)
x=0 164

x=0.025 176 6.88 ~ 10t 120
x=0.050 177 6.58 ~10° 114
x=0.075 178 3.01 ~107 93
x=0.125 140 2.00 ~10% 93

3.3. ELECTRICAL PROPERTIES

Electrical transport properties of the samples were
systematically studied. Figure 5 shows the temperature
dependence of resistivity for the samples.
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Figure 5. Temperature dependence of resistivity for the
samples p (Q.cm)

As observed, the parent sample (x=0) was an insulator
in the whole measuring temperature. Upon increasing the
doping level, the resistivity of all the samples would
decrease and the curves of the temperature dependence
of resistivity showed Metal-Insulator (MI) transition,
except for x=0.125 sample. The resistivity of x= 0.075
sample was almost the third order of magnitude smaller
than the x=0 sample. This kind of behavior can be
justified by the percolation model [39]. Of note, there
were an FM- DE interaction between Mn® and Mn**
neighboring ions and an AFM- SE interaction between
Mns* ions in the Perovskite manganites. While the FM
interaction caused metallic behavior, the AFM
interaction instigated insulating behavior. As mentioned
earlier, the parent compound LaMnO3z; was the AFM
insulator, in which doping of Cu ion in Mn ion site and
excess oxygen would lead to enhancement of the Mn**
ions ratio and consequently, the DE interaction and
ferromagnetism. Moreover, an increase in the Cu content

and excess oxygen would form FM clusters in the AFM
matrix. Therefore, short-range ordering in the clusters
would gradually increase to long-range ordering. For the
un-doped sample, due to the low degree levels of Mn**
ions, the FM clusters were separated and the volume of
the FM clusters did not reach the percolation threshold.
Therefore, the system exhibited a high-resistance and
insulating behavior. As temperature decreased in Cu-
doped samples to x=0.075 sample, the FM component
increased and a percolation channel was formed due to
the high levels of Mn** ions, hence a decrease in the
resistivity and occurrence of the Ml transition. In the case
of x=0.125 sample, the substituted Cu for Mn sites
formed an Mn®*-O-Cu?*/ Cu®*- Mn** bonds which could
create a potential barrier for charge carriers to hop.
Therefore, at this level of doping, the M1 transition would
disappear.

To investigate the transport mechanism that can
describe the temperature dependence of the resistivity of
samples, the resistivity data of samples in the
semiconducting region were selected and fitted by
common models, namely Mott's Variable-Range
Hopping (VRH) and Mott and Davis's Small Polaron
Hopping (SPH) models [44, 45].

In Mott's VRH model, the transport mechanism is
described as follows [46]:

T,
p= poexp(z)"* @

where To is Mott characteristic temperature which is
given by:

18
To = KpN(Ep)a? @)
where N (Eg) is the Density of States (DOS) near the
Fermi level, kg is Boltzmann's constant, and a parameter
is the localization length.
The mean hopping distance, Rn(T), and hopping energy,
En(T), can be obtained at a given temperature T, as
expressed in the following equations [47]:

Ru() = 2 aGHY @

1
En(T) = 7K TAT (5)

The present resistivity data were fitted using Mott's VRH
model to evaluate parameters po and To. Figure 6(a)
demonstrates the typical fitting analysis by comparing
the experimental data and the model for x=0 and 0.025
samples.
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Figure 6. (a) Plot of Ln(p) versus T9% at different
temperature regions (open symbols and lines represent the
experimental data and fitting result, respectively, x=0 and
x=0.025 samples (b) Plots of Ln (p/T) and Ln (p/T%2) versus
(2/T) for the sample x=0

The plot revealed a good correlation between the data
and model in different ranges of temperature, i.e.,
temperatures more than 135, 202, 217, 200, and 100K for
x=0, 0.025, 0.05, 0.075, and 0.125 samples, respectively,
suggesting the presence of two different valent
transition—metal elements (Mn and Cu) in lattice-affected
and electronic properties of a system due to the change in
hopping conditions for charge carrier and induced
distortion effects.

By considering the obtained values of T, from the fitted
results, N(Ef), Rn, and En were estimated at different
temperatures of 100, 150, and, 300K (see Table 3)
through taking the localization length of a= 4.5 A, as
reported for such materials [48].

TABLE 3. Values of N(EF), Rn, and Enat room temperature

13
sample R poem)  To  NEDEVIM) Rn(BAOOK) En(300K)

x10% (A) (meV)
x=0 0.99958 2.12x10%% 3.98x108 5.84 57.06 2185
x=0.025 0.99971 1.08x10%* 2.73x108 8.39 52.16 199.8
x=0.05 0.99936 1.2x10' 1.02x10° 22 40.75 156.12
x=0.075 0.9940 2.58x10*! 6.02x107 38 35.71 136.81
x=0.125 0.9963 1.66x10*% 1.52x10° 15 45.08 172.69

According to Table 3, by increasing the Cu-doping
level, the density of states at the Fermi level increases,
which corresponds to an increase in conductivity.
Therefore, substitution of Cu for Mn ion sites could
increase the Mn**/ Mn?* ratio and, in this condition, the
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charge carriers would better hop between the Mn® to
Mn* sites through DE mechanism. A decrease in the
hopping distance (Rn) and hopping energy (En) of charge
carrier obtained from the transport model confirmed the
improvement of hopping conditions and accordingly, in
the parent sample, eq electrons of Mn*® were more
localized and, in the doped samples, the effective DE
interaction between Mn*3-Mn** became stronger.

The data for x=0.125 sample obtained from fitting
showed a different behavior from those of other samples.
As expected from the magnetic data analysis, in this
sample, the formation of Mn®*-O-Cu?*/ Cu®*- Mn** bonds
decreased the connection channel and considerably
increased charge carrier hopping distance, thus
decreasing conductivity.

Another attempt was also made to confirm the nature
of hopping conduction and the strength of electron—
phonon interaction. The conduction mechanism for
manganites at high temperatures, T>0p/2 (0p is Debye's
temperature) was mainly due to the thermally activated
small polarons. The polaronic models are either adiabatic
or non-adiabatic approximations. In the adiabatic regime,
the nearest neighboring hopping of small polarons
(Holstein polarons) leads to mobility with a thermally
activated form, in which charge-carrier motion is faster
than lattice vibrations. In the non-adiabatic regime, it is
the opposite. According to these mechanisms, the
temperature dependence of resistivity (p) is expressed as
follows [48]:

Eq

p= paTexp(KBT) (adiabatic) (6)
Eq ) .
p= paT3/2exp(KBT) (non-adiabatic) )

where E,, p,, and Kg are activation energy, residual
resistivities, and Boltzman's constant, respectively.

Conduction can occur in either adiabatic or non-
adiabatic models. Therefore, through Equations (6) and
(7), the Ln (p/T) and Ln (p/T%2) versus (1/T) plot was
separately drawn for the samples. Figure 7 shows the
typically related plots for x=0 and 0.05. Within all
temperature ranges of measurements, Debye's
temperature for the samples was estimated from the plots
of Ln (p/T) and Ln (p/T*?) versus (1000/T). The value of
Op/2 was considered to be the deviation point from
linearity in the low-temperature region [49-53]. The
obtained values of Op were calculated as 430, 442,
432,400, and 310K for x=0, 0.025, 0.050, 0.075, and
0.125 samples, respectively, which were close to the
previously reported values for similar compounds [52,
53].
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Figure 7. Plots of Ln (p/T) and Ln (p/T%?) versus (1/T) for the
sample x=0. 05 (b) Plots of experimental data of the sample
x=0 (with adiabatic small polaron hopping (ASPH) and non-
adiabatic small polaron hopping (NASPH) models

The data of the high temperature just above Debye's
temperatures (0p/2) were selected to study the transport
regime and fitted by adiabatic and non-adiabatic models.
Figure 8 shows the related plots for x=0 and x=0.05. The
obtained parameters are given in Table 4. As observed in
the data collected in Table 4, the linear correlation
coefficients, R?, for the samples were very close to 1 and
were almost the same for both models. Therefore, it was
difficult to identify the nature of the hopping mechanism
in this temperature range by this analysis.

In order to find how the carriers hop, i.e., adiabatic or
non-adiabatic hopping, in this temperature range, the
necessary conditions for wusing either of these
mechanisms should be checked. Holstein's relation can
help distinguish the kind of hopping mechanism [49]. It
can be suggested that J (polaron bandwidth) can be
treated as a perturbation in the corresponding
Schrddinger equation. According to Holstein's condition,
J should satisfy the inequality J>¢ for adiabatic hopping
and J<¢ for non-adiabatic hopping conduction, where ¢
is:

_ 2KBTEq\% hvi1/2
B = CEEi(D) (8)
Moreover, the condition for small-polaron formation is
J<E./3 [49]; otherwise, there will be large polarons.
The value of J can be estimated by approximating the
equation for high-temperature jump site [51, 52]:

J = 0.67}11;,,,1(%)1/4 ©)

In this evaluation, vpn was estimated to be about 10
Hz from the relation hvph=ks0p (see Table 4) and T=200
and 300 K. Since J<¢ and J<E./3 for all the samples, it

can be concluded that the nan-adiabatic small polaron
hopping model was responsible for conduction in all
samples in this temperature range.
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Figure 8. Plots of experimental data of the sample x=0.05
(with adiabatic small polaron hopping (ASPH) and non-
adiabatic small polaron hopping (NASPH) models

It is interesting to estimate a few important relevant
physical parameters for compounds. The values for
small-polaron coupling (yp), which is a measure of
electron-phonon interaction in these manganites, can be
evaluated from the following relation:

Yp=2Ea/hvpn [54,55].

In addition, the polaron mass (mp) and rigid lattice
effective mass (m") in the manganites were related by the
following equation [54]:

n? *
my, = (Snz ]ap) exp(yp) = m" exp(yp) (10)

The calculated values for y, and me/m”*= exp (y) are
collected in Table 4 that shows a drecrease in the y, and
me/m” values for the doped samples. If the value of yp is
greater than 4, there are strong electron—phonon (e-ph)
interaction in the system; otherwise, the interactions are
weak [51, 54].

According to Table 4, the values of the present samples
were found to be more than 4, thus confirmeing the strong
e-ph interactions in the compounds and ensuring the
formation of polarons. Moreover, as the Cu concentration
increased, the strengh of the e-ph coupling constant
systematically decreased, which resulted in the creation
of the Mn** inos in the doped samples and improvement
of DE interaction. The reduction of e-ph coupling
stopped in the case of x=0.125 sample. Analysis of the
transport properties of the samples showed that distortion
of the unit cell causing the JT effect decreased and this
effect was suddenly weakened in x=0.125 sample, which
could be closely correlated to structural and magnetic
analyses.
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TABLE 4. Some important estimated parameters related to ADSPH and NADSPH models

0 ADSPH-Model NADSPH-Model ¢(meV) J (meV)

D -13

Sample «® <10 R Ep(mev) R Ep(mev) At At At At o MM

T=200K T=300K T=200K T=300K

x=0 430 0.84 0.9975 220 0.9974 231 23.32 25.8 19.29 21.34 119 1473
x=0.025 442 0.92 0.99911 199 0.99912 210 23.79 26.31 20.94 23.16 104 342
x=0.050 432 0.90 0.99983 159 0.99982 170 22.24 24.6 20.57 22.76 8.5 5.0
x=0.075 400 0.83 0.9981 138 0.9984 149 20.66 22.85 19.41 21.47 8.0 30
x=0.125 310 0.64 0.99989 146 0.99981 155 18.45 2041 16.01 17.74 11 59.8

4. CONCLUSION REFERENCES

In this paper, the effect of Cu doping on
LaMn,_ Cu O, . (x= 0-0.125) manganite material was

investigated. The results of powder X-ray diffraction
indicated that the samples were single-phased and
crystallized in an orthorhombic structure with Pbnm
space group. Enhancement in the unit cell volumes of
the doped samples to x=0.050 was systematical.
However, after the maximum of 7.5% substitution of
Cu, a decrease in the unit cell volumes was observed.
Any uncommon decrease in the unit cell volume of
x=0.075 and x=0.125 samples could be a result of the
appearance of Cu ions as Cu®* state in this sample. The
PM-FM transition temperature, T , increased when the

Cu content increased. RSG state accompanied by FM
transition existed in x= 0.025 and x= 0.05 samples. By

substituting Cu for Mn, the density of the holes (Mn4+)
increased and the DE interaction was improved. An
increase in the DE interaction and FM phase in AFM
matrix produced spin frustration and RSG in x= 0.025
and x= 0.05 samples. In the x=0.075 sample, the FM
ordering was observed and the magnetic data analysis
based on the critical slowing model confirmed the CS
state in this sample. After 7.5% doping in the Mn site by
Cu, the AFM phase overcame the FM phase due to the
reduction of DE interaction. Investigation of the
electrical behavior based on VRH and polaronic
transport models was performed according to the
structural and magnetic measurement analyses.
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