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— ~ Abstract

Following the technological improvement, the
information industry is changing day by day and
various several media are keeping researching to
satisfy the request of data storage and recording.
Since 1995 materials of the TMR (tunneling
magnetoresistance) effect were improved evidently,
in a few years it’s magnetic induction was doubled.
TMR materidls show much higher MR% (about
25~50%) than traditional GMR materials (about 10%)
at room temperature, o it is considered be applied as
the MR sensor in the magnetic recording industry.
Accordingly, the first part of this research employs
the chemical replacement that the Sr** with a bigger
ionic radius is replaced by the smaler Ca®* to
synthesize a series of the TMR materials composed of
(SroxCa)FeMo0Os (0 < x < 2.0), to observe the
influence of the chemical pressure effect on TMR
materials in their crystal structure, valence, magnetic
and electrical properties, which we discussed in this
thesis in order to find the best TMR materials for the
application in recording media. In the second part of
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this study, the LiVMoOg materials have been
synthesized. Moreover, their electrica properties
have been discussed.

Keywords: tunneling magnetoresistance (TMR) ~
double perovskites ~ LiVM0Og
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Half-metallic compounds which have electrons
with only one spin direction at the Fermi level have
recently received considerable attention for their
potential applications in spintronics.!  Severa
magnetic oxides have been identified as having
half-metallic behavior at low temperatures, however,
their spin polarization is strongly reduced at room
temperature (RT).? Therefore, oxides with both high
spin polarization and high Curie temperatures are of
particular interest. Recently, Kobayashi et a.® have
reported a high spin polarization for an oxide material
with a double-perovskite structure, Sr,FeMoOg which
also has a high Curie temperature, (Tc = 420 K).

In Sr,FeMoOs, the Fe** or Fe* ions are in a
high-spin state with all the spin-up 3d orbitals
occupied. Sleight and Weiher* proposed that if the
spin-down 3d orbitals of Fe have similar energy to the
4d orbitals of Mo, the empty spin-down states (*-f3)
of Fe* are degenerate to the one electron occupied
spin down states (n*-B) of Mo>* which may lead to
the formation of a narrow band. The electrons in this
band have antiparallel spins to the localized spins in
the spin-up states (o*-o. and n*-o) of Fe*. A
ferromagnetic half-metallic state is thus observed in
this ordered perovskite with localized up-spins of
Fe** and itinerant spin-down electron of Mo™. Thisis
supported by the band cal culations, which show at the
Fermi level a mixing of the spin-down O 2p, Fe 3d
and Mo 4d bands**® This band description is
equivalent to an internal redox equilibrium between
(Fe** + Mo®) and (F€*" + Mo™) states.

Further studies on other members of the A,BB Og
(where A = dkaline-earth or rare-earth ion, B and B’
= transition metal ion) family of double perovskites
show that the occurrence of magnetoresistance (MR)
propertiesis afairly common feature. The A = Caand
Ba analogues of A,FeMo00Os were also found to
display half-metallic and ferrimagnetic properties.”°
Moreover, the A,FeReO; (A = Ca, Sr, Ba) compounds



exhibit""*? a half-metallic ground state concomitant
with ferrimagnetic coupling of Fe** and Re** (5d% S =
1) magnetic moments, and show MR at RT. It is thus
of great interesting to explore other prospective
half-metallic compounds with large MR effects at low
magnetic fields, in ferromagnetic compounds with Tc
as close to RT as possible. Studies of polycrystalline
samples,*>%°13 epitaxia thin films™™ and artificial
grain boundaries,’® have demonstrated that the
negatively-spin-polarized conduction is the origin of
the extrinsic, strong MR  associated with
spin-polarized tunneling between adjacent grains.
This is known as tunneling magnetoresistance (TMR).
Better understanding of the factors that control the
structural, magnetic and conduction properties of
these compounds is critica to optimize their
properties for the applications based on their TMR
effects.

In the recent report, Goodenough et al.*” have first
report on the series samples of S,.,CaFeMoOg 0 < x
< 2. They found that ferromagnetic long-range
ordered domains are coupled antiferromagnetically
across antiphase boundaries; random disorder within
domains may be small. In this article we aim to
investigate in detail the variation of crystal structure
and magnetic properties of the (Sr,.,Ca)FeMoOg (0 <
x < 2.0) double perovskite system due to chemica
substitution of the smaller Ca®* ions for the bigger
Sr** cations, which applies an internal chemical
pressure. We report systematic structural phase
changes from tetragonal to monoclinic symmetry and
a decrease in the refined Fe/Mo anti-site disorder at x
> 1.5. Most interestingly, we demonstrate the
dramatic changes in the magnetic and transport
properties upon tuning the Ca doping amount in the
Sr site, which enhances the TMR properties described
previously for SroFeMoQs.

In other hand, mixed transition metal oxide
LiVMoOg was synthesized by solid-state reaction
method and was exploited as an anode material for
use in rechargeable lithium-ion batteries. The
electrochemical characteristics of the prepared
electrodes assembled in coin cells were investigated
in terms of half-cell performance. It was observed
that the cell exhibits three discharge plateaus. The
total discharge capacity, averaged over severa test
runs, is about 1250 mAh/g. The mechanism of
electrochemical reaction of LiVM0Og with Li was
studied in-situ by synchrotron XRD method. It was

found that LiVMoOs undergoes irreversible
decomposition during the first discharge.
ERR 5 Ml

Sample Preparation. The samples of

(Sr2xCa)FeMoOg (0 < x < 2.0) were prepared by the
solid state reaction method. Stoichiometric mixtures
of high purity oxides SrCO;, CaCOs;, Fe,0;, and
MoO; were first calcined in air at 800 °C for 12 h.
The obtained powders was ground and pressed into

pellets (15 mm in diameter and 3 mm in thickness).
The pellets of (Sr,,Ca)FeMoOg (0 < x < 1.5) were
sintered at 1000 °C for 38 hina’5 % H,/ N, gas
mixture, and the pellet with x = 2.0 was sintered at
1200 °Cfor 12 hina5 % H,/ N, gas mixture.

The LiVMoOg was synthesized via solid-state
reaction of Li,COs, V,05 and MoOs. Well ground
mixture of starting materials was sintered at 550°C in
air for 24 h.

Characterization. X-ray diffraction (XRD)
measurements were carried out on a SCINTAG (X1)
diffractmeter (Cu K« radiation, A = 1.5406 A) at 40
kV and 30 mA. The GSAS program was used for the
Rietveld refinements in order to obtain information
on the crystal structures of (Sr,..Ca)FeMoQOs. A
pseudo-Voigt function was chosen to generate the
line shape of the diffraction peaks. In the final runs,
the positional coordinates, isotropic thermal factors,
and anti-site disorder of Mo and Fe atoms were
refined. Scanning electron micrographs (SEMs) were
measured at room temperature by a Philips XL30
SEM equipped with a field emission gun at 15 kV.
Electron diffraction (ED) and high resolution
transmission electron microscopy (HRTEM) were
carried out using a JEOL 4000EX electron
microscope operated at 400 kV. Image simulation
was made using CaRIne software. The samples for
microscopic measurement were dispersed in alcohol
before being transferred to the carbon coated copper
grids. The resistively measurements at zero field
[(p(T))] and under a magnetic field [(p(H))] were
performed with a Quantum Design PPMS (physical
properties measurements system), using the
conventional four probe technique, under magnetic
fields up to 3 T. Magnetization measurements were
performed on a SQUID magnetometer from 0 to 350
K.

X-ray absorption near edge structure (XANES)
measurements at Fe-L,; and Mo-M,; edges were
performed at the synchrotron radiation research
center (SRRC) in Hsinchu, Taiwan with an electron
beam energy of 1.5 GeV and a maximum stored
current of 240 mA. The spectra were recorded by
measuring the sample current. The incident photon
flux (lg) was monitored simultaneously by using a Ni
mesh located after the exit dit of the monochromatic
beam. All the measurements were performed at room
temperature. The reproducibility of the adsorption
spectra of the same sample in different experimental
runs was found to be extremely good.

In-situ XRD measurements were carried out at
beamline BL17A1 of National Synchrotron Radiation
Research Center (NSRRC) in Tawan. The
wavelength of the monochromatic X-ray was 1.3271
A. In-situ synchrotron XRD experiments were carried
out using coin cells with windows made from
polyimide film. Aluminum current collector for anode
was substituted by copper one to avoid strong
synchrotron X-ray absorption by the copper metal.
The electrochemical cell was discharged to 0.01 V at



a constant current of 0.3 mA and it took 13 min for
recording each XRD pattern.
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The powder XRD  patterns of  the
(SroxCa)FeMo0Og (0 < x < 2.0) samples are shown in
Figurel. Each composition of the series is single
phase. For the samples with x < 1.0 and x > 1.5, all
the peaks in each pattern can be indexed on the basis
of a tetragonal unit cell (space group: 14/m) and
monoclinic (space group: P2/n), respectively. This
indicates that in the x = 1-1.5 region the structure
changes from tetragonal to monoclinic at RT. The
initial structural models fitted with the Rietveld
profile method were based on Sr,FeMo0Og for x = 0,
0.5 and 1.0 and Ca,FeMoOg for x =1.5 and 2.0.
Figures 2 (a) and (b) display the observed and
calculated X-ray powder diffraction profiles at 300 K
of (Sr,xCa)FeMoOs with x = 0.5 and 2.0. All the
observed peaks can be fitted with the reflection
conditions of the space groups 14/m for x = 0.5 and
P2,/n for x = 2.0, respectively. Free refinement of the
atomic positions was possible for all samples except
those on either side of the structural transition (x =
1.0 and 1.5). For these materials, the coordinates
were fixed, a the x =0.5 values for the x =1.0
refinement, and at the x = 2.0 values for the x = 1.5
refinement. In the final refinements, the possibility of
anti-site disordering due to some Mo sites being
occupied by Fe atoms and vice versa was taken into
account. The refined occupancies of the Fe and Mo
show that the Fe/Mo anti-site disorder is abruptly
decreased in x = 2.0 of (Sr,,Ca)FeMoO,. Recently,
Alonso et a. proposed that the actual degree of
order depends mainly on the synthesis conditions.
Therefore, an increase in order of the x = 2.0 sample
may be due to the higher synthesis temperature (1200
‘C). The lattice parameters (a and c) and cell volume
(inset of Figure 3) decrease with increasing Ca
content as noted in Figure 3, due to the substitution of
the smaller Ca®* ions (1.34 A) for the larger Sr**
(144 A) cations. Importantly, these structural
parameters indicate that the structure phase transition
is continuous.

The morphology and particle size of the
(SroxCa)FeMoOg (0 < x < 2.0) samples probed by
SEM are shown in Figure 4. An increase of particle
size with increasing Ca content (from ~1 um at x = 0
to ~2 um at x = 2.0) was observed. This indicates that
the incorporation of Cainto Sr sites facilitates grain
growth during the sintering process.

Figures 5 (a) and 5 (b) show a typical ED pattern
and HRTEM lattice image, respectively, recorded
along the [001] zone-axis direction of Sr,FeMoQg.
The simulated pattern along zone axis [001] is shown
in Figure 5 (c). The cell symmetry obtained by ED
was identified by the observation only of h k I; h + k
+ | = 2 n reflections indicating |-centering of the unit
cell which is consistent with the XRD refinement
result. Moreover, the HRTEM lattice image shows a

tetragonal cell with a = b ~ 5.57 A. In Figures 6 (a)
and 6 (b) are the typical ED pattern and the HRTEM
lattice image recorded along the [111] zone-axis
direction of Ca,FeMoQg. The simulated pattern along
the [111] zone axis is shown in Figure 6 (c). The
agreement between experimental and calculated [111]
HRTEM images confirms the correctness of the
structural model.

Figure 7 shows the temperature dependence of
high-field (H = 5 T) magnetizations of
(SroxCa)FeMoOs (0 < x < 2.0) samples. The
substitution of Sr?* by Ca’* systematically increases
the ferromagnetism, although the magnetizations of
the x = 1.0 sample is anomalously low and is below
that of the x = 0.5 sample. The magnetization
isotherms of (Sr,Ca)FeMoOgs are typically
ferromagnetic with negligible remanence and
coercivity as illustrated in Figure 8. The saturation
magnetizations at 5 K for al the studied compounds
are listed in Table 2. For the x > 1.5 samples, the
obtained values are consistent with a ferromagnetic
state near the expected 4 pg fu™ for a nominal ionic
configuration Fe** (S=5/2) / Mo®* (S=1 2). However,
in x < 15 samples, the observed total magnetic
moment is smaller than the expected value. This
variation can be attributed to the effect of anti-site
disorder at the octahedral Fe, Mo cation sublattices.
The anti-site cation occupancy, p, ideally reduces the
net moment to 4-2p pg fu 1 however, the loca
magnetic disorder caused by the anti-site defects
reduces the ordered moment still further.

The transport properties of (Sr,.,Ca)FeMoOg (X =
0.5, 1.0, and 2.0) are illustrated in Figure 9 (a). Both
p(H = 0) and p(H = 3T) show a semi-metalic
behavior over the whole temperature range, down to 5
K. The observed value for x = 2.0, p (T =300K, H =
0), of 2x10°Q) cm is considerably smaller than that
of the Sr doped analogues (x = 0.5 and 1.0).

The magnetotransport properties are shown as the
evolution of MR (3 T), defined as: MR (T,H) = [p
(TH=0 — p(T,H=3T) p (T,H=3T), in
Figure 9 (b). The highest MR ratio appearsin the x =
2.0 sample which has a low Fe/Mo anti-site disorder
and the highest magnetization. However, the x = 2.0
sample has a mush lower Tc (Tc~377 K) & which
makes it less interesting than that of the x = 0 sample
(Tc = 420 K).® Lower MR ratios are found in the x <
1.0 samples which have a higher Fe/Mo disorder and
lower magnetizations. The anti-site chemical
subgtitution is known to lower the MR ratio in
Sr,FeMoOg samples

The Fe L-edge XANES spectra of
(SroxCa)FeMoOg (x = 0, 05, 1.0 and 1.5) are
shown in Figure 10 (a). For comparison, the spectra
of FeO, Fe,03 and Fe,O; are also plotted. The spectra
show two broad multiplet structures separated by
spin-orbit splitting (of Fe 2ps, and 2py,). The
chemical shift does not vary significantly although
the Fe profile changes systematically when the Ca
content is increased from x = 0 to x =1.5. It is well
established that an effective Fe valence can be



measured from the peak width at the Fe 2p X-ray
adsorption edge in FeO and Fe,Os;. We therefore
adopted the same scheme to obtain the Fe valence. As
deduced from Figure 10 (a), the Fe valence is much
greater than 2+ but less than 3+ over the range of Ca
substitution. Here, the relative intensity ratio of the
energy at 710 eV and 708 €V [as denoted by
1(710)/1(708)] corresponding to the ratio of Fe**and
Fe®* increases with x is shown in the inset of Figure
10(a). The average vaence for Fe has aso been
found to be intermediate between high-spin
configurations values of Fe** and Fe** from
M sssbauer spectroscopy studies.  From the chemical
formula  (Sr..,Ca)FeMoQs, assuming oxygen
stoichiometry, if the valence of Fe is 2+y, then Mo
should formally be in the 6-y state. In Figure 10 (b),
the Mo M-edge absorption spectra  of
(SroCa)FeMoOg along with those of MoO, (Mo*),
and MoO; (Mo®) standards are shown. The intense
peaks at the Mo M-edge onset involve 3p-core to 4d
final-state transitions. These features can provide a
probe of the 4d states, albeit modified by transition
matrix element, core-hole-interaction and multiplet
effects. Two strong spectral features are clearly
visible in the MoO; standard: the low energy peak
(A), due to the 3p to 4d ty excitations, and the
high-energy pesk (B), due to 3p to 4dy excitations. A
clear decrease in the relative (B)-feature strength
strongly supports the Mo-valence reduction with the
increasing Ca-content which is shown in the inset of
Figure 10 (b). The relative intensity ratio of the
energy of 400.6 eV and 398.7 eV [as denoted by
1(400.6)/1(398.7)] corresponding to the ratio of Mo®
and Mo* decreases with an increase in x. Moreover,
the Mo valence is consistent with a significant value
of y<1intheformal value of 6-y.

Figure. 11a shows the electrochemical properties of
the LiVM0Og anode at room temperature. The cell
was cycled between 4.25 and 2.80V. Although the
ratio of the discharge capacity to charge in each cycle
remains almost 95% for 30 cycles, the absolute values
of the capacities were very low (0.12 mAh/g).

Besides the above range, coin type cells were also
cycled at the discharging/charging current of 0.3 mA
between 3.00 and 0.01 V (Fig. 11b). For the
discharge course of the first cycle, the potential
rapidly drops to reach a plateau, and then
continuously decreases down to 0.01 V. The
amplitudes of three plateaus are about 2.1-2.0 V,
0.6-0.5 V and 0.2-0.01 V, respectively. The total
discharge capacity, averaged over several test runs, is
about 1250 mAh/g. This value is much higher than
the capacities exhibited by many conventional and
newly discovered anode materials (graphitic carbons,
tin-based amorphous oxides, amorphous vanadates
have capacities of 370 — 800 mAh/g). Concerning the
huge discharge capacity of LiVMoOs, one could
expect that if alow voltage reaction of the oxide were
to occur, it would be even a total displacement
reaction to form elemental V and Mo. Recently, the
mechanism of lithium insertion into many binary and

mixed oxides as well as their reactivity towards
lithium [e.g. CoO, RVO, (R =In, Ce, Fe, Al and Y),
M3B,Os (M = Co, Ni and Cu), LiFePO, etc.] were
reported. Li insertion into some of these compounds
is accompanied by their irreversible transformation
into amorphous materials with formation of nanosized
metal particles dispersed into the Li,O matrix.
Electrolyte  degradation and growth of
electrochemically active polymer-type coating over
metal oxide particles increase the material capacity
beyond theoretical values predicted for the complete
reduction of transition metal oxide to pure metal.

The reversible capacity of LiVMoOg for the first
cycle was only about 450 mAh/g reavealed that only
one third of Li ions intercalated (or deposited) into
this layered material can be extracted out.
Furthermore, there was no distinct charge or
discharge plateau observed in the subsequent cycles.
The different profiles between the first and the
following cycles implied that the electrochemical
behaviors of the anode electrode were changed. This
phenomenon implies that an irreversible phase
transformation of LiVMoOg occurred after it reacted
with lithium ions in a non-aqueous phase.
Consequently, we suggest that it is required to be
"activated" by over-doping with lithium ions via the
electrochemical reaction before the first use. From the
second cycle the reversible capacity decayed
continuously until the fortieth cycle. After the fortieth
to hundredth cycle, the coulombic charge/discharge
efficiency of each cycle remains > 95%.

In order to elucidate the structural transformation
occurring upon cycling, in-situ XRD measurements
were carried out. In Figure 12, XRD patterns taken
during the course of first discharge (see inset of Fig.
12) are shown. Inset shows the points on the
discharge curve at which the XRD measurements
were performed. The XRD pattern in Fig. 12a shows
the diffraction peaks corresponding to LiVMoOg
structure along with some additional signals related to
the auminum foil substrate. The unavoidable reason
of using the Al foil as a current collector instead of
the Cu one is related to a higher X-ray absorption
coefficient at the wavelength of 1.3271 A for the
latter. As we know, Li can aloy with Al under
electrochemical conditions at low voltages. Thus this
would result in mis-interpretation of the capacities
and voltages observed in the measurement.
Fortunately, the discharge profile of the LiVMo0Og
electrode coated on an Al foil (inset of Fig. 12) was
very similar to that of the electrode using Cu foil (Fig.
11b). In addition, their total discharge capacities were
amost the same. Severa studies on the corrosion
behavior of auminum current collectors in lithium
ion batteries indicated that thermodynamically Al is
expected to corrode during charging/discharging
process as the standard electrode potential of
aluminum (1.39 V vs. Li/Li") is much lower than the
normal operating potential of the positive electrode.
However, the self-discharge rate of the lithium ions
on the Al substrate is very low. Moreover, aluminum



is aways kinetically stable in many circumstances
because it is readily covered with a passive film. Asa
result, the observed corrosion resistance of the
aluminum could be due to its native thin oxide layer.
The transformation of the original LiVMoOg phase to
assumed LiyVO, (x < 1) phase (as indicated by * in
Fig. 12) is progressively increasing during discharge.
In this case molybdem oxide can form amorphous
phases. In other words, these growing peaks were not
derived from the primitive patent, implying that the
mechanism of the electrochemical reactions is not
simply the conventional intercalation-deintercalation
processes during the first discharge. This reasoning
seems plausible because the space between the
adjacent lattice layers is not large enough to
accommodate up to about 8-10 Li atoms per formula
unit of LiVMoQs. The lithium ions moving from the
Li foil electrode through the electrolyte also did not
aggregate and be reduced to form any metalic
deposition, for instance, the lithium metal dendrite, in
the LiVMoOg €electrode. On the whole, we wish to
emphasize that the cycle ability of the LiVMoOg
electrode may be induced by some uncertain species
produced by the reaction of Li ionswith LiVM0Os.

We examine further about the importance of the
electrochemical activation process that we have been
considering. The surface morphology of the
LiVMoOg anode before and after cycling examined
by SEM is shown in Figure 13. The particle size
distribution of LiVM0Og before discharge is broad;
the estimated grain size varies from 1 to 10 um. As
seen from the micrograph in Figure 13a, aimost all
the particles have clear and linear grain boundaries
and also a pore-free surface after sintering at 550°C.
It is also interesting to note that the clear grain
boundaries became blurred after discharge, as shown
in Figure 13b, and some translucent materials were
observed on the surface of the particles. The results of
in-situ XRD measurement shows clear evidence for
this observation. The intensities and shape of
diffraction peaks of LiVMoOg become lower and
broader gradually during the discharge process. These
phenomena seems to indicate that the
well-crystallized LiVMoOg powder decomposes to
nano-scale particles or even to amorphous phases,
and the organic €electrolyte molecules were also
deposited on the surface of LiVMoOg via some
electrocatalytic reactions. Although the LiVMoOg
material cannot retain its crystallinity after discharge,
the new phase, i.e. the products of decomposed
LiVMo0OQg, dill show significant reversibility of
cycling. The assumption that the nano-sized materials
can exhibit quite different properties from bulk
materials is now widely accepted. Therefore, the
electrochemically driven size confinement of the
decomposed particles is believed to be a key factor in
enhancing their electrochemical activity towards
lithium metal.
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The increasing Ca-content in (Sro,Ca)FeMoOg
samples increases the magnetic moment close to the
theoretical value due to areduction of Fe/Mo anti-site
disorder. An increase of conductivity with Ca-doping
is also observed resulting from an increase in the Fe
3d—Mo 4d band overlap. This is explained from
simple ionic size arguments and is supported by
XANES spectra and band structure calculations. We
conclude that the chemical pressure effects of doping
Cafrom Sr site is an important factor in control the
charge transfer and hence the electrical and magnetic
properties of the magnetoresistive Sr,FeMoOg type
materials.

LiVM0Og was successfully synthesized using the
conventional solid-state reaction method. It was
shown that LiVMoOg may be considered as an anode
material of choice for rechargeable lithium-ion
batteries. In-situ synchrotron XRD experiments were
performed to elucidate the phase transformations in
LiVMoOg anode during its first discharge. It was
shown that electrochemical cycling of LiVMoOg
anode goes through decomposition of the pristine
compound and results in the formation of nano-scale
amorphous particles.
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We have reached the goals of the research plan,
some part of the results have aready publicized in
scientific journals[18-37].
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Figure 1. XRD patterns for (Sr,,Ca)FeMoOs,
indexed on a tetragonal unit cell (I14/m) for x = 0,
0.5 ,1, and indexed in a monoclinic unit cell (P2./n)

for x =1.5, 2.0.
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Figure2.  Rietveld fits to powder XRD data for
(Sro.xCa)FeMoOg with (a) x = 0.5; space group 14/m
and (b) x = 2.0 space group P2,/n, at 300K. Observed
(crosses) and calculated (solid ling) intensities are

shown with the difference at the bottom.
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Figure. 11. Typica charge and discharge curves of
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Figure. 12. In-situ X-ray diffraction patterns collected
at various states of discharge of a LiVMoOg/Li cell.
Inset of this figure indicates the first discharge curve
of the cell with Al current collector.
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