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Abstract The effects of bismuth doping at La site on
magnetic, electrical and thermopower properties of
LaLiMnO; manganites have been investigated. The sub-
stitution of Bi ion leads to the weakening of ferromagnetic
ordering at low temperature, and Curie temperature (7¢)
decreases with increase in Bi content. Interestingly, a
dramatic increase in the magnitude of Seebeck coefficient
at low temperature is observed in Bi-doped samples which
might find potential application as thermoelectric. The
results are attributed to the combined effect of the disorder
and antiferromagnetic interaction induced by Bi doping.
Both p(7) and S(T) data in the high-temperature region are
discussed using small polaron hopping model.

1 Introduction

Observation of colossal magnetoresistive (CMR) effect [1—
4] and half-metallic nature of the carriers at the Fermi level
makes the perovskite manganites having general formula
Ln;_,A,MnO3 (Ln = rare earth ions; A = alkaline metals)
materials of great scientific interest and ideal candidates for
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spintronic applications. The properties of these materials
are influenced by the parameters such as average sizes of
the Ln site cations [5-7], the mismatch effect [8], the
vacancy in Ln and Mn sites [9] and the oxygen stoi-
chiometry [10, 11]. Thus, manganites are characterized by
a complex interplay between structural, magnetic and
electrical properties leading to rich phase diagram. The
phase diagram of some of the divalent manganites shows
that the compounds with 0.2 < x < 0.5 are ferromagnetic
and metallic, whereas those with 0.5 < x < 0.9 are anti-
ferromagnetic (AFM) and charge-ordered (CO). In a nar-
row region around x = (.5, dissimilar ground states are
thought to exist [12—14]. The simultaneous occurrence of
ferromagnetic (FM) and metallic states has been qualita-
tively explained by the double-exchange (DE) mechanisms
[15] combining with the local Jahn—Teller (JT) distortions
of Mn>" ions [16]. In addition to divalent doping, per-
ovskite manganites doped with monovalent alkali-metal
ions have been studied and still interest the scientific
community [17-20]. Due to the difference in the valence,
alkaline-earth-metal and alkali-metal doping in LaMnOs5
can result in remarkably different consequences. Among
the various monovalent-doped manganites, lithium ion
substituted one is interesting due to CMR over a wide
temperature range [17, 18]. According to the calculation of
tolerance factor, LalLiMnOj system forms a stable man-
ganite resulting in interesting electrical and magnetic
properties.

Over the past few years, extensive work has been carried
out on the partial substitution of the A-site using trivalent
or divalent ion [21-23] and the changes in the electrical
properties were discussed based on structural effects.
Unlike lanthanide ions, substitution of a non-magnetic ion
such as bismuth (Bi) at A-site shows strong effects on
electrical and magnetic properties of manganites because it
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is stable with an oxidation state 34+ and has an average
ionic radius consistent with the geometrical rule of the
tolerance factor. Recently, several authors have reported
electrical and magnetic properties of Bi doping in Lag 7
Cap.33MnOj3 [24, 25] and Lag sCag sMnO; [26] compounds.
These studies have indicated that magnetoresistance (MR)
increases with Bi doping. To the best of our knowledge,
there are no reports on the Bi-doped LalLiMnO3; mangan-
ites. Since the ionic radii of trivalent bismuth and trivalent
lanthanum are very close to each other, one may expect
similar electrical transport and magnetic properties
between them. Therefore, it would be interesting to study
the magnetotransport properties of these materials by
substituting bismuth at Ln site. For this, the samples having
compositions Lasss Bi,Li;sMnO; with x = 1/6 and Lazy_,
Bi,Li;uMnO; with x = 1/4 (a conservation of charge
balance requires that two ions of Mn>" transforms into the
state of Mn*" per each monovalent ion substitution) are
chosen by keeping their Mn®>*/Mn*" constant, and their
results were compared with the undoped ones. In view of
the above facts, an effort has been made to study the
structural, magnetic and transport properties of Bi doping
in LaLiMnO; manganite.

2 Experimental details

Four samples of compositions Las;sLi;sMnOs, Lay/;3Biy
Li 1/6MHO3, La3,4Li1/4MnO3 and La1/2 Bi1/4Li1/4MnO3 were
synthesized by a wet chemical method using polyvinyl
alcohol (PVA), La,05, LiCO;, Bi(NO3);.5H,0, and man-
ganous acetate. Prescribed ratios of starting materials were
dissolved in nitric acid and distilled water to make a clear
solution. An aqueous polymer solution of PVA and sucrose
were added to the stock solution, and the above mixture
was stirred to promote the dissolution and reaction. After
the mixture became transparent solution, it was dried
slowly on a hot plate until gel was formed and then heated
to give a brown powder. This precursor was calcined and
pressed into circular pellets and sintered at 1223 K for 2 h.
The phase purity, homogeneity and cell dimensions were
determined by powder X-ray diffraction (XRD) at room
temperature. Structural refinement was carried out using
the standard Rietveld refined technique. The estimation of
cations in the sample was carried out by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES, JY
2000), while the valence state of Mn was determined
by iodometric redox titration method. Magnetization
measurements were performed on a vibrating sample
magnetometer (MPMS, QD-USA). The transport and
magnetotransport measurements were carried out using
four-probe method (14 T/2.0 K PPMS, QD-USA) in an
applied magnetic field strengths of 10, 50, 100 kOe over a
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temperature range 10—400 K. Finally, the thermoelectric
power (TEP) measurements were carried out on an auto-
mated precision measurement system [27]. For the ease of
notation, the samples with compositions Las/Li;MnO3,
Lay;3Biy6li sMnOs, Laz,li; uMnO; and La;pBijuLliig
MnOj; are referred using the notation LLP 33, LLB 33,
LLP 50 and LLB 50.

3 Results and discussion
3.1 Structural

The room-temperature XRD patterns of the samples of the
present investigation are shown in Fig. 1 and found that the
samples are single phase with no detectable secondary
phase. The collected patterns were indexed based on
rhombohedral symmetry with R-3c space group. The
structural parameters of the samples were refined by the
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Fig. 1 a Room-temperature powder X-ray diffraction patterns of Lasys
Li;sMnOj3, Lays Bijsliis MnOjs, Las,li;4MnOs and La;»BijuLiy
MnOj; samples from 20° to 80°. b Rietveld refined pattern of Lay3 Biyg
Lij6 MnO3; manganite with standard peak positions (blue vertical lines)
and fit (solid line) of the model to the intensities. The green solid line at
the bottom is the difference spectrum
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Table 1 Rietveld refined parameters of undoped and doped (Bi) LLMO manganite

Sample composition Las/sLiysMnO3

Lays (Liye Biye)MnO3

Laz;Li;4sMnO; La,; (Liy4 Bijs)MnO;

Sample code LLP 33 LLB 33 LLP 50 LLB 50

a (10\) 5.513 5.522 5.502 5.532

b (10\) 5.513 5.522 5.502 5.532

c (/DX) 13.324 13.375 13.392 13.402

Volume (A%) 350.8 353.3 352.5 354.3

<ra>(A) 1.120 1.121 1.100 1.102

T 0.8880 0.8885 0.8894 0.8903

¢ (A?) 0.0079 0.0081 0.0108 0.0111

Mn-O-Mn (°) 161.93 161.04 163.64 163.62

Mn-O (A) 1.965 1.972 1.964 1.967

Oxygen stoichiometry - - —0.08 —-0.07

standard Rietveld technique, and the obtained parameters Temperature (K)

are given in Table 1. The ICP-AES analysis indicates that 200 100 200 300 0 100 200 300

the average concentrations of La, Li, Bi and Mn are very [y B30 112

close to the nominal composition within experimental 30 A<

errors, suggesting that samples used are of good quality. "Fi” 8

The values of Mn*"/Mn®" ratio and oxygen content 20 Y ; i

determined by iodometric titrations are close to their @ 10 "-.' o | 14 g”

nominal compositions in the case of LLP 33 and LLB 33, = } T E

while the other two samples, i.e., LLP 50 and LLB 50, ;’ Of LLP33 @) g

exhibit oxygen deficiency. % ‘ ‘ : : : 25§
N 40 - E 5

3.2 Magnetic studies g \ |l " a0 20 &
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In order to study the evolution of the magnetic properties 20 i L o

with Bi doping, the temperature dependence of magneti- B 0 100 200 300"

zation M (T) measurements was performed in both zero- 10 ‘ o 10.5

field-cooled (ZFC) and field-cooled (FC) modes under an . LLP50 (©)*]| LLBSO (d) 00

applied magnetic field of 500 Oe and the results are shown
in Fig. 2. It is clear from the figure that all the samples
undergo paramagnetic (PM) to ferromagnetic (FM) tran-
sition (7¢) with decreasing temperature. The values of T¢
estimated from the minimum of the dM/dT against T plot
are given in Table 2. It can be noticed from the results of
the present investigation that doping of Bi at La site pro-
duces a significant change in the magnetic properties. The
Tc and magnitude of magnetization at low temperature
decrease with increasing Bi content, and this clearly indi-
cates the weakening of ferromagnetic behavior in these
samples. Similar results were reported in the case of Bi-
doped divalent manganites [28]. It is well known that the
A-site cationic size and Mn valency affect the ground state
of the manganese compounds. Since the ionic radii of La>"
are almost similar to those of Bi’*" ion and that there is no
change of the Mn valence in these compounds, the
observed variation may be ascribed to the role of the 6s>
lone-pair electrons of Bi ions [29]. Due to the competition

0 100 200 300 0 100 200 300
Temperature (K)

Fig. 2 Temperature dependence of DC magnetization of LasLijsg
Ml’l03, L32/3 Bil/(,Lil/() MHO3, La3/4Li1/4MnO3 and Lal/zBi1/4Lil/4
MnO; samples in ZFC (black squares) and FC (red circles)
configurations. Inset shows the inverse susceptibility versus temper-
ature curves of the samples, and the solid lines show the linear fitting
at 500 Oe

between Bi**: 6s% and Mn: ty, for the O: 2p electrons make
the interaction (double exchange) between Mn®* and Mn*"
weak leading to T¢ shift toward low-temperature side [30].
Therefore, the reduction in T¢ with bismuth substitution at
La site may be explained based on the role of the 6s* lone-
pair electrons of Bi ions. It can also be observed from
Fig. 2 that there exists a bifurcation between the ZFC and
FC curves below transition temperature and it is found to
increase with increasing bismuth content. The bifurcation
in ZFC-FC magnetization curves may occur due to
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Table 2 Experimental data and best fit parameters obtained from resistivity and thermopower data using SPH model

Sample composition Las/sLisMnO3

Lay3 (Liys Biye)MnO3

Laz;Li;4MnO; La,; (Liy4 Bijs)MnO;

Sample code LLP 33 LLB 33 LLP 50 LLB 50

Tp (K) - - 283 .

Te (K) 105 61 >330 45

Ocw (K) 146 125 - 95

Uest 533 5.28 - 5.02

1 (g/Mn) at 2.5 2.0 2.9 1.3

H=5T

of —0.331 —0.327 —0.352 —0.368

Es (meV) 157.4 170.7 170.7 183.4

E, (meV) 14.9 21.8 24.1 323

spin-glass, cluster-glass, superparamagnetic phase, coexis- T T T T T T

tence of antiferromagnetic (AFM) and ferromagnetic (FM) 80 | T=5K |

phases, or even from an anisotropic ferromagnetic phase. A 60 - ’_-

close observation of the magnetization results suggests the 3;“ w0l g "

possibility of a spin-glass or cluster-glass-like state in Bi- E/ I

doped samples. g 2r T
In the paramagnetic state (T > T¢), the magnetization E ol '; 7

curve is well fitted to the Curie-Weiss (CW) law, and the §D g .

inset of Fig. 2 shows the T dependence of y ' (suscepti- S '20_' / mLLP33 |

bility). The parameters obtained from the linear fit are -40 - h —e—LLB33 |

given in Table 2. The CW temperature (Ocw) is positive for ol — —v— tlﬂg 55?) 4

all the samples, signaling predominantly FM exchange L L L L L L

interaction in the samples. It can also be observed from the B 0 ! : ’ 4 >

Applied Field (T)

table that the effective magnetic moments (i.¢r) are con-
siderably larger than the corresponding values calculated
using the spin-only moments of manganese ions. These
enhanced moments in the PM state can be ascribed to the
appearance of magnetic clusters due to the short-range FM
interaction [31].

In order to gain a deeper understanding of magnetic
ground state with bismuth doping, the field-dependent
magnetization measurements up to 50 kOe at T=5K
were carried out and the curves are shown in Fig. 3. In
some samples, magnetization was measured up to 140 kOe
(not shown). It can be noticed from the M(H) curves that
the samples exhibit a small coercive field (Hc) at low
temperature which indicates soft ferromagnetic behavior.
In the case of undoped samples (LLP 33 and LLP 50),
magnetization values increase sharply in low magnetic
field and remain almost constant with further increase in
applied field. In contrast to this, there is a nonlinear
increase of magnetization with increasing field and the sign
of saturation is not observed even up to 140 kOe in case of
Bi-doped samples. The unsaturated magnetization is the
characteristic feature of AFM component in the system.
The observed M(H) behavior in these samples might be due
to the presence of different magnetic interactions. There-
fore, at low temperatures there must be a subtle balance

@ Springer

Fig. 3 Isothermal magnetization plots of Las/sLi;sMnOs, Lays Bijsg
Li1/6 Ml’l03, La3/4Li1,4MnO3 and La]/2B11/4Li]/4MnO3 samples at
T=5K

between FM and AFM interactions; i.e., the system is
phase-separated into FM and AFM clusters. Hence, there
will always be a competition between these two interac-
tions to dominate one over another giving rise to a ten-
dency of glassy FM state in the sample [28]. Furthermore,
the values of saturation magnetization (Mg) were obtained
from the high-field magnetization (H = 50 kOe) and are
given in Table 2. The Mg values estimated from the
experimental data are found to be lower than the theoretical
values. It has also been found that the obtained Mg values
of bismuth-doped samples are smaller than the undoped
ones and they also decrease with increase in Bi content.
The disparity between the experimental and theoretical
values also supports the coexistence of different interac-
tions (FM and AFM) in these materials and with increasing
bismuth content AFM interactions dominate over the FM
interactions, thereby resulting in the reduction of Mg val-
ues. In fact, similar results were reported in the case of Bi-
doped manganites [32].
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3.3 Transport studies

The variation of resistivity with temperature, p(7), in LLP
33, LLB 33, LLP 50 and LLB 50 samples is shown in
Fig. 4. It can be seen that except LLP 50 all the samples
exhibit an insulating behavior over the measured temper-
ature range (80-300 K). The resistivity values are very
high at low temperature crossing instrumental limits. The
observed results indicate the localization of charge carriers
with Bi doping. It is well known that the magnetic and
transport properties of perovskite manganites are sensitive
to average A-site radius (r,), oxygen stoichiometry, par-
ticle size, etc. As the ionic radii of Bi*" are almost identical
to La*" ion, (ry) could not be the main factor in deter-
mining the properties of these materials. In fact, the vari-
ation in the electrical and magnetic behavior may be
ascribed to the role of the 6s* lone-pair electrons of Bi ions
[33]. Bi enhances the hybridization between 6s2 orbitals of
Bi’" and 2p orbitals of O~ and produce a local distortion,
and this in turn hinders the electron hopping between the
Mn sites and leads to an effect on the electron transport to
its neighbors [34]. Thus, the Bi*"-doped samples exhibit
insulating behavior. On the other hand, the high resistivity
may also partially occur from the existence of grain
boundaries [35].

The temperature dependence of resistivity for all the
samples measured at applied magnetic fields of 10, 50 and
100 kOe is shown in Fig. 4. The insulating phase is robust
even up to the external applied magnetic fields of 100 kOe
in the case of LLP 33, LLB 33 and LLB 50 samples. In

Fig. 4 Resistivity as a function

of temperature for Las,gLije 100

fact, a similar behavior was reported in Bi-doped per-
ovskites [30]. However, at low temperatures a decrease in
resistivity is observed in the presence of magnetic field and
the effect is weak in the case of LLB 50 sample. It is clear
from the magnetization data that these samples show phase
separation (competing FM and AFM interaction) in low-
temperature region. In the compounds with competing
magnetic orders, magnetic field favors one kind of order in
the spins and results in magnetoresistance. In the samples
of the present investigation, the charge transport is sensi-
tive to the FM ordering and the magnetic field induces
negative magnetoresistance below Tc. Hence, these sam-
ples show FM and insulating behavior with electronic
phase separation in the low-temperature region. The
plots of percentage of magnetoresistance (MR%) as a
function of temperature are shown in the inset of Fig. 4.
The MR% is calculated using the standard relation,
MR% = [p(0) — p(H))/p(0), where p(0) is the resistivity
at zero field and p(H) is the resistivity at an applied mag-
netic field. It is clear from the figure that the LLP 50
sample shows two different kinds of MR behavior, one
near Tp and the other in the low-temperature region. One of
them is due to spin tunneling across the grain boundaries
[36], and this contribution is more significant at low tem-
peratures and low magnetic fields. The other contribution
comes from the suppression of magnetic fluctuation as the
field is increased and takes place within the volume of the
grains and MR is dominant in the vicinity of the transition
temperature. On the other hand, LLP 33, LLB 33 and
LLB 50 compounds MR% increases with decreasing
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Fig. 5 Variation of thermopower with temperature (10-325 K) of
La5/6Li|,6MnO3, Laz/3 Bil/()Li]/G Ml’l03, La3/4Li“4MnO3 and Lal/z
Bij;Li1,4MnO; samples. Inset of figure shows the S (7) behavior for
La3/4Li|/4MnO3 Sample

temperature and exhibits maximum in the low-temperature
region. The observed behavior for these samples may be
understood in the scenario of spin tunneling across the
grain boundaries.

The Seebeck coefficient (S) is defined as AV/AT, the
thermoelectric voltage per degree of temperature differ-
ence. The Seebeck coefficient measured as a function of
temperature, S(7) for all the samples is shown in Fig. 5.
Over the measured temperature range, the sign of S values
is positive for LLP 33 and LLB 33 samples indicating
p-type conduction and the majority charge carriers are
holes in these samples. Moreover, the sign of S changes
from positive to negative at 7 = 37 and 228 K for LLP 50
and LLB 50 compounds, respectively, thereby signifying
electron- to hole-like conduction. In fact, similar behavior
was reported by Mahendran et al. [37] in the case of LCMO
and LSMO compounds and found that S becomes more
negative with increase in Mn*" content. It can be noticed
from the figure that except for LLP 50, the thermal varia-
tion of thermopower is similar for all the samples; i.e.,
S increases slowly with decreasing temperature and at a
particular temperature T.,,x thermopower reaches maxi-
mum value and decreases thereafter. On the other hand, in
the case of LLP 50, S increases with decreasing tempera-
ture initially and varies slowly on further lowering of
temperature exhibiting a broad hump (inset of Fig. 5). In
comparison with the parent compound (LLP 33 and LLP
50), the magnitude of S increases with Bi doping, and it
may be noted from the figure that LLB 33 sample exhibits
colossal thermopower in the low-temperature region. To
the best of our knowledge, this is the largest value reported
for manganites. Such an increase in S values at low tem-
peratures was also reported in other manganites [38]. It has
been found [39] that several factors such as impurity,
complicated band structure, electron—phonon, electron—
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magnon scattering affect the S(7) behavior. Hassen and
Mandal [40] reported a large value of S in the case of
Smyg 5Srp sMnO3; manganite and attributed to the charge-
ordered phase transition. These results clearly suggest the
contributions from electronic instabilities such as Jahn—
Teller distortion, charge-/orbital-ordering, AFM interac-
tions become important in explaining the thermopower
behavior. From the temperature- and field-dependent
magnetization (Fig. 2) results, it is clear that an inhomo-
geneous state exists in the low-temperature region. The
competition between these two different phases leads to the
enhancement of spin scattering which in turn may be
responsible for the exhibition of large thermopower values.

3.4 Conduction mechanism

The formation of small lattice polarons in manganites due
to strong electron—phonon interaction is a well-known
phenomenon. In the case of adiabatic small polaron hop-
ping (SPH), the transport is governed by the thermally
activated hopping of charge carriers. According to the SPH
model [41], the expression for resistivity is given by,

p(T) = prexp(Ep/kBT)

where E, is the activation energy and p, = 2kp/3ne’a’;
here kp is Boltzmann’s constant, e is the electronic charge,
a is site-to-site hopping distance, and v is the longitudinal
optical phonon frequency. From the slopes of In (p/T) ver-
sus (1/T) plots (Fig. 6), the activation energy (E,) values
were estimated and are given in Table 2. A linear relation
in the figure shows that the electrical transport behavior can
be described with a small polaron hopping model.
Recently, a number of reports suggest that polaron effects
contribute to transport mechanism of manganites in both
insulating and metallic states. This allows the consistent
interpretation of resistivity in the whole temperature and
phase range [42, 43].

The thermopower data in the high-temperature regime
(T > Tc) is well described by a polaronic phase with a 7
dependence according to the following equation [41],

S = kB/e[Es/kBT—‘r O(,]

where Eg is the activation energy obtained from TEP data.
o is a constant of proportionality between the heat transfer
and the kinetic energy of an electron, and it can be used to
ascertain the type of polarons that are participating in
conduction process. o/ < 1 suggests the conduction is due
to small polarons and o’ > 2 suggests the existence of large
polarons. Figure 6 shows the S versus 1/T curve for LLP 50
and LLB 50 samples, and the solid lines give the best fit to
the above equation. The values of activation energy Es and
of were obtained from the best fit and are given in Table 2.
It is clear from the table that E, and Eg values are found to
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Fig. 6 a Plots of In (p/T) versus T~ ' for La,; BijsLije MnO; and
La;;»Bij/4Li,,4MnO5 samples. The solid line shows the best fit of data
with an equation p (T) = p,Texp(E,/kgT). b S versus T~ behavior
for the samples, Lay; Bijlije MnO; (open black square) and
La;;»,Bij4Li1,4MnO;3 (open red circles), and solid lines are the best fits
to SPH model at high temperature

increase with Bi doping and this may be attributed to the
special electronic structure of Bi*" ion and its distribution
in LaLiMnOj3. With the Bi doping, a larger distortion state
might occur in the perovskite structure leading to the for-
mation of pinning center, thereby resulting in the increase
of activation energy. It is clear from the table that the
magnitudes of E, are higher than Eg values in the samples.
In the framework of small polaron conduction model, E, is
the sum of the activation energy required for the creation of
the carriers and activating the carriers for hopping while Eg
is the energy required to activate the carriers for hopping.
In view of this, E, is always higher than Es. Additionally,
the obtained values of &’ < 1 in these manganites manifest
that the conduction in the present system is due to small
polarons.

4 Conclusions

The effect of bismuth doping on magnetic and transport
properties of lanthanum lithium manganites having
fixed Mn>"/Mn*" ratio has been investigated systemati-
cally. The p(7T) exhibits an insulating behavior, and

ferromagnetic to paramagnetic transition decreases upon Bi
doping. The results were attributed to the lone-pair effect
due to Bi doping. The LLP 50 samples show typical feature
of intergrain and intrinsic MR in the low-temperature
region and near Tp (300 K). Among the samples of the
present investigation, LLB 33 compound exhibits colossal
thermopower (0.9 V/K) in the low-temperature region
which may be exploited for thermoelectric applications.
Finally, the resistivity and thermopower data in the high-
temperature region are explained within the framework of
small polaron hopping mechanism.
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