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Structural properties, temperature-dependent resistivity ��T� and thermoelectric power S�T� of
La0.85Zr0.15Mn1−xGaxO3 �LZMGO� manganites with 0.0�x�0.06 have been extensively
investigated. It is found that the Mn–O–Mn bond angle decreases and the Mn–O bond length
increases with increasing Ga content, indicative of a significant distortion of MnO6 octahedra in
LZMGO. The local lattice distortion and suppression of double exchange ferromagnetism induced
by the Ga doping shift both Curie temperature �TC� and metal-insulator transition temperature �TMI�
toward lower temperatures. Followed by the metal-insulator transition, ��T� exhibits an
insulatinglike behavior accompanied by a relatively small value of S�T� below T� at low
temperatures. An anomalous peak observed in S�T� is attributed to an enhancement of
electron-magnon interaction caused by the Ga doping and a decrease in magnetic entropy near TMI.
Three different charge transport mechanisms were identified in three temperature regions based on
detailed analyses of ��T� and S�T� data. The small-polaron hopping mechanism governs the charge
transport in the high-temperature paramagnetic region �T�TMI�. The polaron binding energy
determined from the ��T� and S�T� data increases with increasing Ga content, suggesting that
polaron in La0.85Zr0.15MnO3 has a magnetic nature. In addition, the electron-magnon scattering
dominates the charge transport in the intermediate-temperature metallic region �T��T�TMI�,
whereas the transport behavior in the low-temperature insulating region �T�T�� can be described
by the three-dimensional variable-range-hopping model. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3073950�

Electron-doped manganites La1−xAxMnO3 �A
=Ce,Te,Zr� have stimulated considerable scientific interest
on account of the colossal magnetoresistance �CMR� and the
potential applications in spintronics.1–3 It has been shown
experimentally that the valence state of Mn in the
La1−xAxMnO3 is indeed a mixed valence of Mn2+ and
Mn3+.4–6 Therefore, the hopping of itinerant eg

2 electron me-
diated by double exchange �DE� interaction via
Mn3+–O–Mn2+ network is expected to be an essential ingre-
dient of the CMR effect in the electron-doped manganites.
More recently, Ling et al.7 demonstrated that the DE mecha-
nism is responsible for charge transport in La0.85Zr0.15MnO3.
Despite extensive studies,1–7 the interplay between the CMR
effect and other factors such as Jahn–Teller �JT� effect, po-
laron formation, and charge/orbital ordering in the electron-
doped manganites is still lacking. It is believed that the study
of the Mn-site substitution should provide important infor-
mation about the mechanism of the CMR behavior because
of the crucial role of Mn ions. Among the investigations of
all the Mn-site substitution, the Ga doping at the Mn site is
strategically interesting because Ga3+ has no magnetic mo-
ment and ionic size of Ga3+ �0.62 Å� is slightly smaller than
that of Mn3+ �0.65 Å�. Thus, static lattice effects and any
additional magnetic exchange interactions are not introduced
by the Ga doping.8 To shed light on a better understanding of

the transport mechanism of La0.85Zr0.15MnO3, we have per-
formed thermoelectric power �TEP� measurements on
La0.85Zr0.15Mn1−xGaxO3 with 0.0�x�0.06 in addition to the
basic characterization by resistivity and magnetization mea-
surements. We will show that the local lattice distortion in
MnO6 octahedra and random dilution of the Mn sublattice
induced by the Ga doping have a significant impact on
charge transport in La0.85Zr0.15Mn1−xGaxO3.

The samples investigated were prepared by the solid-
state reaction method. The detailed synthesis process will be
published elsewhere. The structure and phase purity of the
samples were characterized by x-ray powder diffraction
�XRD� patterns. The ��T� and S�T� measurements were done
with physical property measurement system �PPMS�.

Figure 1 shows the observed, the refined, and the differ-
ence XRD patterns for LZMGO with x=0.04 at room tem-
perature. All Bragg peaks can be indexed with a rhombohe-

dral lattice of space group R3̄C. Other LZMGO samples
studied also exhibit single-phase XRD patterns. Studying
LZMO with Ga content up to only 0.06 is due to the fact that
LZMGO with Ga content larger than 0.06 is not hard enough
to place contact leads on. The structural parameters obtained
from Rietveld refinement for samples investigated are listed
in Table I. The a- and c-axis lattice constants and the Mn–
O–Mn bond angle monotonically decrease with increasing
Ga content arising from the chemical-pressure-induced dis-
tortion of MnO6 octahedra in LZMGO. Both room-
temperature resistivity and Mn–O bond length follow a simi-
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dcling@mail.tku.edu.tw.
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lar Ga-content dependence displayed in the inset of Fig. 1,
indicating that the local lattice distortion of MnO6 is inti-
mately related to charge transport of LZMGO in high-
temperature paramagnetic region.

In addition, the nonmagnetic Ga3+ doping would intro-
duce random dilution in the Mn sublattice and suppress the
dynamic JT distortion. As a result, it weakens local DE in-
teraction and shifts both TMI and TC toward low temperatures
with increasing Ga content, as illustrated in Fig. 2�a� and the
inset of Fig. 2�b�, respectively. Similar to the observed re-
sults in the hole-doped manganites, a gradual decrease in the
zero-field-cooled �ZFC� magnetization below TC and a dis-
crepancy between MZFC and MFC at low temperatures likely
arise from the canted nature of spins or the random freezing
of spins.9,10 ��T� exhibits an insulatinglike behavior with
d� /dT�0 below T�, increasing from 23 K for x=0 to 49 K
for x=0.06, and comes with an increase in resistivity by four
orders of magnitude at 2 K. It could be due to carrier local-
ization subjected to the random potential at the Mn site and
the growth of spin-glass-like clusters caused by the Ga dop-
ing at low temperatures. TEP as a function of temperature for
LZMGO reveals an anomalous peak and accompanies a rela-
tively small value below T�, as displayed in Fig. 2�b�. The
Ga-doping-dependent peak observed in TEP is probably at-
tributed to an enhancement of magnon drag associated with
electron-magnon interaction and a decrease in magnetic en-
tropy near TMI.

In the high-temperature insulating region of T�TMI,
ln�� /T� and S versus T−1 for LZMGO are plotted in Figs.
3�a� and 3�b�, respectively. It is clear that experimental data
fit to straight lines very well, indicative of a strong support of
the adiabatic small-polaron hopping �SPH� model with
��T�=BT exp�Ep /kBT� and S�T�=kB /e�Es /kBT+��, where
Ep is the polaron hopping energy, Es is the activation energy
needed to produce a stationary number of carriers, and � is a
constant associated with the sum of the spin entropy and the
charge-carrier entropy.11,12 The resistivity coefficient B is ex-
pressed by 2kB /3ne2a2�, where n is the polaron concentra-
tion, e is the electronic charge, a is the hopping distance, and
� is the frequency of the longitudinal optical phonons.13 The
fitted parameters B, Ep, and Es summarized in Table II are
found to increase with increasing Ga content. The compara-
tively large difference between the obtained Ep and Es is a
signature of SPH wherein the transport is dominated by
temperature-dependent mobility effects.14 It seems unlikely
that either a or � changes sufficiently to account for the large
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FIG. 1. �Color online� Observed, refined, and difference XRD patterns for
La0.85Zr0.15Mn0.96Ga0.04O3. �300 K and Mn–O bond length as a function of
Ga content are displayed in the inset.

TABLE I. Refined structural parameters for La0.85Zr0.15Mn1−xGaxO3.

x=0.00 x=0.02 x=0.04 x=0.06

a �Å� 5.5228�6� 5.5141�3� 5.5103�6� 5.5092�5�
c �Å� 13.3574�6� 13.3426�8� 13.3377�1� 13.3342�2�
Mn–O �Å� 1.9618�2� 1.9619�2� 1.9623�6� 1.9638�8�
Mn–O–Mn �deg� 164.529�4� 163.524�1� 162.771�2� 162.164�1�
x �O� 0.5478�2� 0.5509�8� 0.5540�2� 0.5552�5�
RWP �%� 5.36 5.68 5.27 5.57
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FIG. 2. �Color online� �a� ��T� and �b� S�T� for LZMGO. MZFC�T� and
MFC�T� for LZMGO in a field of 100 G are shown in the inset of �b�. TMI,
T�, and TC are indicated by arrows.
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FIG. 3. �Color online� �a� ln�� /T� and �b� S are plotted against T−1 for
LZMGO in the high-temperature paramagnetic region. The solid lines are
the fit to the SPH model. �c� ln � vs T−1/4 and �d� S vs T1/2 for LZMGO in
the low-temperature insulating region. The solid lines represent the fit to the
3D VRH model.
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increase in B as the Ga content increases. Therefore, it is
reasonable to speculate that a reduction in n arising from a
decrease in JT ions Mn3+ caused by Ga3+ doping is respon-
sible for the large increase in B. Moreover, the deduced ac-
tivation energy Ep gradually increases with increasing Ga
content, indicating that the local lattice distortion induced by
the Ga doping lifts the degeneracy of the eg state of Mn ion.
As a result, the lower eg state serves as a trapping level and
gives rise to a higher energy barrier for the polaron to hop
over. The polaron binding energy determined from Eb

=2�Ep−Es� increases from 291 to 313 meV as the Mn3+

content decreases from 1.00 to 0.94, in strong contrast to the
results reported in La1−yCayMnO3,15 suggesting that the local
lattice distortion and suppression of local DE ferromag-
netism induced by the Ga doping are predominately respon-
sible for the formation of the polaron in LZMGO. This find-
ing provides strong evidence for the existence of magnetic
nature of polaron in La0.85Zr0.15MnO3.

In the intermediate-temperature metallic region of T�

�T�TMI, ��T� and S�T� can be best fitted by ��T�=�0

+�2.5T
2.5 and S�T�=S0+S1.5T

1.5+S4T4, respectively, where �0

is a T-independent resistivity related to domain, grain bound-
ary, and other T-independent scattering mechanisms,16,17 the
�2.5T

2.5 term is attributed to electron-magnon scattering
process,17,18 the S1.5T

1.5 term accounts for magnon drag
effect,19 and the S4T4 term may be due to the spin-wave
fluctuation in the ferromagnetic phase.19,20 It is found that the
value of the fitted parameter �0 increases from 6.45�10−2 to
4.73�102 � cm and that of �2.5 varies from 1.32�10−5 to
1.83�10−2 � cm /K2.5 as x increases from 0.00 to 0.06, in-
dicating that the Ga doping results in the enhancement of the
domain or grain boundary scattering and significantly in-
creases the electron-magnon scattering in the T��T�TMI

region. In addition, the value of S1.5 is seven orders of mag-
nitude larger than that of S4, suggesting that the S1.5T

1.5 term
dominates the transport mechanism in the ferromagnetic me-
tallic region below TMI. It should be noted that S1.5 associ-
ated with magnon drag effect is approximately proportional
to the magnon specific heat Cm=4.45kB

5/2 /4	2D3/2, where D
is the spin-wave stiffness.21,22 Therefore, the increase in S1.5

from 1.23�10−2 
V /K5/2 for x=0.00 to 4.53�10−2 
V /
K5/2 for x=0.06 corresponds to a reduction in the spin-wave
stiffness. Consequently, it leads to a significant enhancement
of electron-magnon scattering manifesting itself as a remark-
able increase in �2.5 mentioned above.

In the low-temperature insulating region of T�T�, the
carrier transport behavior follows Mott’s three-dimensional

�3D� variable-range-hopping �VRH� model with expression
��exp��T0 /T�1/4�, as shown in Fig. 3�c�, where T0�1 /�3,
and � is the localization length.23 The fitting parameter T0

increases three orders of magnitude as the Ga content varies
from 0.00 to 0.06, indicating that the localization length ap-
proximately shortens by one order of magnitude. As a result,
it remarkably enhances carrier localization and increases re-
sistivity by four orders of magnitude at 2 K shown in Fig.
2�a�. Furthermore, the S�T� versus T1/2 plot at low tempera-
tures displayed in Fig. 3�d� follows a straight line for all
samples investigated, which is in good agreement with the
behavior S�T��T1/2 in the limit of T→0 predicted by 3D
VRH model.24 As shown in Fig. 3�d�, the slope of the fitted
line related to the density of states near Fermi level N�EF�
decreases with increasing Ga content, suggesting that
LZMGO becomes a strongly disordered system at low tem-
peratures where states are localized.
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