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1. Introduction

Spinel compounds AB,X4, with the structure of AX4 tetrahedra
and BXg octahedra, have been studied for many years due to their
fascinating physical properties. For example, LiTi,O4 shows super-
conductivity at T, = 11 K [1,2]; LiV,04 exhibits heavy fermion
behavior [3—5]; ZnV,04 and ZnCr,04 display unusual magnetic and
electric properties [6—9]; MgTi,04 and Culr,S4 experience spin-
Peierls-like transition [10—12].

MgTiy04 is a geometrically frustrated magnetic spinel com-
pound with orbital ordered [11—16]. It is a potential candidate for
single-valence dimerization due to the 3d! electronic configuration
of the oxidation state Ti**. With the decrease of temperature,
MgTi,04 is subjected to a structure phase transition at T; ~260 K
from cubic to tetragonal [11]. After phase transition, the magnetic
behavior drops abruptly from Pauli paramagnetism to antiferro-
magnetism due to the simultaneous spin-dimer [13], accompanied
by abnormal changes in electrical resistivity, thermal power, and
optical reflectance [12—14].

However, the mechanisms for some behaviors of spinel oxide
MgTi;04 are still in debate. For example, about the transition phase,
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some researchers suggest that it is a first-order transition, based on
their neutron diffraction results [ 11]. However, others thought it is a
second-order transition, from the temperature dependence of X-
ray diffraction experiments [13]. Another question is that the
transport behavior of MgTi,0y4 is still puzzling. Above T, the elec-
trical resistivity of MgTi;O4 shows a small increase with tempera-
ture decreasing. There are several different explanations on this
transport behavior. Zhou et al. thought that MgTi,O4 is a semi-
conductor above T, and the transition is from semiconductor to
semiconductor. The explanation by Zhou et al. [12] is inconsistent
with the results of magnetic susceptibility, which indicated that
MgTiy04 is a Pauli paramagnetism metal. Isobe et al. [13] suggest
that the transition is still from metal to insulator, and the slow
increase of electrical resistivity with decrease of temperature re-
sults from the grain boundary resistance.

In order to understand the underlying physical picture of the
transport behavior of MgTi»0O4 more clearly, further works on the
transport behavior of MgTi;O4 are very necessary. For MgTiO4, to
the best of our knowledge, the A-site non-equivalent doping can
effectively change the transport behavior but keep the character-
istic of structure and transition as much as possible. In this work,
we studied the temperature dependence of the transport behaviors
of polycrystalline Mgy _x LasTi»O4 spinels with x = 0, 0.005, 0.01,
0.015. It was found that, La-doping has significant effects on the
transition and transport properties. To our interest, in temperature
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above T, the transport properties of all the polycrystalline Mg;_x
LaTi»O4 can be well fitted by the contributions of both the grain
and grain boundary resistances. However, the transport properties
below T; can be well explained with a dual mechanism: the Mott-
insulator like variable range hopping (VRH) and normal activated
conduction. Our results indicated that the transport behaviors of
MgTi,04 may result from the combined effects of different conduct
mechanisms.

2. Experiments

Polycrystalline Mg _x LaxTi»O4 (x = 0, 0.005, 0.01, 0.015, 0.02,
0.03 and 0.05) compounds were prepared by spark plasma sinter-
ing (SPS) method, as referred in the previous work of our team [17].
Titanium trioxide (Tiy03, Alfa, 99.8% purity), magnesia (MgO, Alfa,
99.95% purity) and lanthanum oxide (Lay0s3, Alfa, 99.99% purity)
were used as the raw materials in this experiment. The mixture of
MgO, Lap03 and Ti;O3 powders was charged into SPS graphite die
with the diameter of 15 mm and a pressure of 4 KN was applied
along Z-axis. After evacuating the SPS chamber (~10 Pa), the tem-
perature was raised to 1300 K at a rate of 100 °C/min and kept for
1 h. The voltage and current were set to 3 V and 700 A, respectively.
After sintering, the power supply was switching off and the tem-
perature was decrease to room temperature. A pellet of Mg;_x
LaxTi;O4 with 15 mm in diameter and 2 mm in thickness was thus
successfully prepared. X-ray diffraction (XRD) analysis was carried
out with a scanning rate 0.01 s~' with Cu Ka radiation (D8
Advanced, Bruker AXS, Germany). Resistance measurements were
carried out in physical property measurement system (PPMS 6000,
Quantum Design, USA) with usual four probe method.

3. Results and discussion

Fig. 1 displays the typical XRD patterns of Mgq_yx LayTiyO4
polycrystalline samples with nominal concentrations of La>* ions
(0 < x < 0.05). The prominent peaks presented in Fig. 1 have with
very small width at half maximum (FWHM), indicating the for-
mation of the crystalline phase. For samples with x < 0.02, all the
observed peaks are corresponding to the cubic spinel structure in
Fd3m space group. In samples with x = 0.02—0.05, impurity phase
of LaTiO3 can be clearly observed, as denoted by the black solid
ellipse dots in Fig. 1. The results indicate that the maximal nominal
doping concentration is less than 0.02. Therefore, in this work, only
those with x < 0.015 were investigated.

In samples with x < 0.015, only peaks belonging to cubic spinel
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Fig. 1. XRD patterns for the series of Mg;_x LasTi;O4. The inset displays the depen-
dence of the lattice constant on the La>** ion concentration.

structure are observed, and with the increase of La** content
(0 < x < 0.015), the positions of the peaks moves lightly toward to
higher angles, which indicates that La*>* jons may be substituted for
Mg?* jons in the MgTi,O4 matrix. The lattice constant is calculated
by a standard least-square fitting method from the XRD peaks and
is shown in the inset of Fig. 1. It is found that the lattice constant
decreases slightly with increasing La** ions content. The ionic
radius of the La>* and Mg?* is 0.118 nm and 0.072 nm, respectively.
According to the Vegard's law [18,19], the substituting La* for
Mg?" ions in the MgTi»04 should expand the unit cell. However, in
the spinel compounds Mg;_x LayTi;O4 three Mg?t jons are
replaced by two La3* ions plus a vacancy based on the assumption
that the Ti—O is not changed. This introduces a relatively large
amount of structural vacancies, resulting in the lattice constant
decreases with increasing La>* ions content. As a result, Vegard's
law is less important in such a situation. Besides that, the exchange
between Mg-sites and Ti-sites also possibly plays a minor role for
the observed phenomenon.

Fig. 2 shows the SEM images of the microstructure surface of
Mg _x LaxTi;O4 prepared by SPS method. The crystal particles
distribute compactly and the typical grain size is about 3 pm. It can
be seen that the grain size is independent on La>* content.

Fig. 3 shows the temperature dependence of electrical resis-
tance (R) of Mgq_x LaxTipO4 with x = 0, 0.005, 0.01 and 0.015 in the
temperature range from 5 to 300 K. For a more intuitive observation
of the resistance change trend, the longitudinal axis in Fig. 3 is
taken as the natural logarithm. It can be seen in Fig. 3, the electrical
resistances of all the samples decrease with temperature increasing
in the measured temperature range. For the pure MgTiy04, a clear
upward inflection near 258 K can be observed in the resistance
versus temperature curve. In the temperature region above 258 K,
the resistance is in an order of magnitude of ~10~! Q and increase
slightly with temperature decreasing. As temperature goes below
258 K, the resistance increases sharply with the decrease of tem-
perature and eventually reaches at a magnitude order of ~107 Q. For
the La®>* doped samples, the electrical resistance increases with the
decrease of temperature in the whole temperature, just like that of
pure MgTiyOy4. It is observed that with the increase of La>* doping
content, the electrical resistances show slight increase as temper-
ature is above 250 K, but decrease when temperature is below
250 K. The upward inflection apparently shown in R—T curve of
pure MgTi»04 is hard to distinguish in those of La-doped samples.

The upward inflection in the resistance versus temperature
curve is observed near 258 K means that the transition of the pure
MgTi»04 occurs at 258 K. One question then issues: now that the
upward inflection is hard to be observed in the La>* doped samples,
does the transition take place? To answer this question, the dIn(R/
Q)/d(T/K) vs T curves in the vicinity of 258 K of all the samples were
plotted in Fig. 4(a). It is found that all the three La>*-doped samples
show a peak in the dIn(R/Q2)/d(T/K)—T curves, just as that in the pure
sample. It is noticed that the peak in the pure sample is sharp and
steep, but the peaks for doped samples become much broader and
lower. With the increase of the La*>* ion concentration, the peak
position shift to lower temperature. The results indicate that the
transition still takes place in La>* doped samples, but the charac-
teristic of the transition is weakening, and the transition temper-
ature decreases with the increase of the La>* ion concentration, as
shown in Fig. 4(b). In Mgq_x LasTi»O4, Ti ions are expected to be
in +3 valence state. When La enter the crystal as La*>* to replace
Mg?™, vacancies may be resulted due to requirement of the charge
neutrality, and induce the distortion of the lattice. That may be also
the origin of the decrease of lattice constant by La** ion doping.
Thus, it is reasonable that the characteristic of the transition is
weakening, and the temperature for the transition decreases with
the increase of the La3* ion concentration.
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Fig. 2. The microstructure of the Mg;_x La,Ti,O4 surface for a) x = 0, b) x = 0.05, ¢) x = 0.01, d) x = 0.015.
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Fig. 3. Temperature dependence of resistances for the series of Mgy _x LayTi;O4.

The underlying mechanism for the transport behaviors of
MgTi;O4 above the transition temperature is another interesting
issue. The results show that the electrical resistivity of MgTiyO4
presents a small increase with temperature decreasing, indicating
the semiconductor behavior. However, our attempts to fit the result
using simple activated model fail. It implies that the transport
behavior of MgTiyO4 above transition temperature has a compli-
cated mechanism. Nevertheless, the previous work of Isobe et al.
[13] presents that the conducting mechanism of MgTi>O4 above T;
is a metal. It is believed that the slow increase of electrical re-
sistivity with decreasing temperature results from the grain
boundary resistance. Besides that, a semi-conductive behavior and
high resistivity have also been observed in a sintered sample of the
typical metallic spinel oxide LiV,04 [21]. As a result, we try to fit the
temperature dependence of resistances above transition tempera-
ture of MgTi,O4 by considering two different contributions: one is

from the contribution of the metal behavior; the other is from the
contribution of the semi-conductor behavior, which is led by
scattering of the grain boundaries.

Since the transition of doped and un-doped samples may begin
around 270 K (see Fig. 4(a)), the fitting is chosen in a temperature
range from 270 K to room temperature. In the fitting, the metallic
resistances take the form of Ry = A + BT, and the semi-conductor
like resistance of the grain boundaries take the thermal excitation
form of Ry = Roexp (4E/kgT), where kg is the Boltzmann constant,
and 4E is the activation energy. Fig. 5(a—d) shows the fitting results
for Mg, _x LasTioO4 samples with x = 0, 0.005, 0.01 and 0.015, and
the fitting parameters are shown in Table 1. It can be seen from
Fig. 5 that the relationship between resistance and temperature
above the transition temperature meets the formula of
R(T) = Ry + Ry = A + BT + Roexp(4E/kgT) very well. Our results
strongly support the explanation of Isobe et al. [13] MgTi»04 shows
metal behavior above transition temperature. In Fig. 5, it is noticed
that the R—T curves for the semi-conductor behavior between the
un-doped and La®>* doped samples show small difference: the
activation energy for the four samples are all around 0.24 eV and
the parameter Ry have the same order of magnitudes; while big
difference in metal-like resistance was observed between the un-
doped and La** doped samples can be observed in that for the
metal behavior: 1) The resistance of the un-doped MgTi;O4 at room
temperature is lower than that of the doped sample. 2) Although
both the undoped and doped samples show a cross temperature, at
which the grains and the grain boundaries have equal resistance,
the cross temperature decreases with the increase of doping con-
tent. 3) The fitted value B increases with the increase of doping
content. In order to see the doping effect on the metal behavior
more clear, we depict the curves of Ry/R, vs temperatures in Fig. 6. It
is shown that the contribution of metal like resistance increase
with the increase of doping concentration, indicating that the un-
doped MgTi,04 shows stronger metal behavior compare to the
La** doped samples. These results can be understood in this way, as
the doping concentration is very low, it can hardly influence the
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Fig. 4. (a) The dIn(R/Q)/d(T/K) curves as a function of temperature nearby T, (b) The T; dependence of doping concentrations for Mg;_x LasTi;O4 system.
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Table 1 grain boundary, which means that the contribution of the scat-
Parameters as calculated by the formula of R = Ry+Ry = A + BT + Roe?E/KET, tering of the grain boundaries to the resistance in these un-doped
Mg« LaTi0s  A(Q) B(Q/K) AE(eV)  Ro(Q) and La-doped samples will be similar; the increase of vacancies
—X X . . . . .
leading by doping will change both the carrier concentration and
X=0 7541078 553100 0239 137 10 2 the channel of carrier transport, so that significantly affect the
X = 0.005 149 x 1077 117 x10* 0236 3.05 x 10°° [ ! port, s gnihcantly
x—001 584 x10°18 130 x 104 0242 226 x 10-6 conducting properties of the grain, resulting in a bad metal
x=0.015 941 x 107 131 x10* 0240 224 x 107 behavior for the La-doped samples: the fitted metal resistance is

even larger than that of semi-conductor. The bad metal behavior in
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Fig. 6. The ratio of the Ry/R; (R; = A + BT, Ry = Roe?F/*®T) for Mg;_, La,Ti;04 system
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La-doped samples offers further evidence of the metal behavior of
MgTi;O4 in the temperature above transition. However, the
grain—grain boundary model for high temperature region is just a
presumption and further investigations should be taken to explain
the transport phenomena of MgTi,O4 above T;.

The rapid increasing resistance with decreasing temperature
demonstrates the semiconducting state of MgTiO4 below transi-
tion temperature without controversy. However, our attempts to fit
the semiconducting state using simple activated model failed,

implying that the semiconducting behavior of MgTi>O4 below
transition temperature may also has a complicated mechanism.
After careful analysis, we found that the resistance at low tem-
perature show a change curvature in the Arrhenius plot (In ¢—1/T),
which indicates a new conduction mechanism may account for it.
We then tried to fit it with the Mott's variable range hopping (VRH)
lawoygy = Be~T/T)" and found that VRH can fits the experimental
data at low temperature. It seems that no single conduction model
could accurately describe the semiconduct transport behavior of
the sample over the entire temperature range below transition
temperature. In order to explain the semiconducting behavior of
NdNiOs, a material undergoing a metal-insulator transition with
temperature decreasing, G. Catalan et al. [20] have proposed a
model by assuming that more than one transport mechanisms play
roles simultaneously throughout the entire temperature range.
Thus, instead, the transport behavior was fitted with a dual
mechanism model in which the conductivity of the Mgy _x LaxTi»O4
is considered to come from the contributions of both VRH and
normal activated conduction:

1/4
0 =04+ OyRH = Ae~Ea/ksT + Be~(To/T)

where E, is thermal activated energy, kg is Boltzman constant, Ty is
the hopping energy of three-dimensional variable range hopping
(3D VRH). Considering that the thickness of the grain boundaries is
much thinner than the size of grains, the contribution from the
grain boundaries may play a minor role in low temperature region.
Therefore, in the fitting, the effect of grain boundaries is ignored.
Fig. 7 shows the fitting results (in the fitting, 180 K is chosen as the
upper limit of temperature because the transition was found to end
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Fig. 7. Fitting results of conductivity versus temperature for Mg;_x LacTi;O4 (x = 0, 0.005, 0.01, 0.015) samples below T; by two-mechanism model.
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Table 2

Parameters as calculated by the two-mechanism model.
Mg _x LaxTizO4 A(Scm™) En(eV) B(Scm™') To(K)
X=0 3758.58 0.148 1.36 x 107 2.28 x 107
x = 0.005 1644.42 0.126 1506.65 4.06 x 10°
x =0.01 761.25 0.114 1545 5.83 x 10°
x =0.015 371.25 0.096 0.155 6.08 x 10%

around this temperature, as shown in Fig. 4), and the fitting pa-
rameters are shown in Table 2. It was found the two-mechanism
model describes the transport behavior of the Mgj_x LaxTi;O4
very well in the temperature range. For un-doped MgTi;04, the
contribution from normal activated conduction is larger than that
from VRH when temperature is above 150 K. As temperature
decrease, the contribution from VRH becomes more and more
important. Below 100 K, the conductivity almost all comes from the
contribution of VRH. For the La®>* doped samples, similar con-
ducting behaviors have been observed, except that the contribution
of VRH plays an overwhelming role at lower temperature (about
80 K) and the fitting parameter Ty reduces an order of magnitude
with the increase of the La-doped content. To our notice, the fitting
results for the doped sample with x = 0.015 have some different
with that for x = 0.005 and 0.01, which might be come from the
influence of LaTiOs impurity phase, tiny amount of LaTiO3 may exist
in the sample although it is not observed due to the resolution limit
of XRD equipment.

In MgTiy0y4, the dimer transition occurs simultaneously with the
Peierls-like phase transition, due to the 3d! electronic configuration
of the oxidation state Ti**, and results in localization of free elec-
tron. The dimer transition is expected to play an important role in
the transport properties. As a result, the localized electrons in
Ti>*—Ti>* dimers participate in conducting following the law of
Mott's variable range hopping. However, the dimerization extent of
Ti>* is strongly dependent on the temperature. Near the transition
temperature, the extent of dimerization is weak, and the un-
dimerized Ti** ions may participate in conducting following the
law of thermal activated conduction.

In order to illustrate what extent VRH participates in the total
conduction, we have plotted (inset in Fig. 7) the ratio between the
VRH contribution and the total conduction. The results show that,
for the pure MgTi,0y4, the contribution of the VRH to the conducting
increase from about 30% to 100% with temperature decrease from
170 K to 100 K. While for the La-doped samples (x = 0.005 and
0.01), the contribution of the VRH is about 30% at 130 K, and 100%
as temperature goes below 80 K. These results strongly suggest that
the A-side doping will result in the lowering of the dimerization
extent of Ti*.

Based on the fitting results, we suggest that both the thermal
activation conduction and three-dimensional variable range hop-
ping conduction, which originates from the un-dimerization of Ti>*
jons and Ti**-Ti** dimers respectively, are accounting for the
semiconducting behavior when temperature is below the transi-
tion temperature.

4. Conclusion

In summary, the transition and transport properties in MgTiyO4
and its La-doped counterparts were studied. While the transition in
MgTi,04 takes place at ~258 K, the transition is found to be sup-
pressed somehow in the La-doped samples: the phase transition
characteristic is weakening, and the transition temperature T; de-
creases with the increase of La>* doping content. In order to give a
more general insight into the transport properties, the temperature
dependences of resistance above and below T; were fitted using
different conducting mechanisms. The transport behaviors of
Mg _x LaxTi;O4 system above T; were well fitted by the contribu-
tions of both the metal-like grains and semiconduct-like grain
boundaries. The transport behaviors of Mgq_yx LasTi;O4 system
below T; result from the combined effects of the VRH and normal
activated conduction, and the La3* doping results in a decrease of
the temperature at which VRH play a dominant role.
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