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Abstract MoO, with 1.85<y<2.20 has been studied by X-ray
diffractometry and photoemission spectroscopy at room tem-
perature and by electrical resistance as a function of temperature
from 2 to 300 K. Although X-ray diffractograms are very sim-
ilar to the stoichiometric MoO, with monoclinic structure of the
space group P2,/c (14), the electrical properties are strongly
dependent on the oxygen composition. Samples with y=1.85
and 1.90 show anomalous behavior in electrical conductivity.
Photoemission and X-ray absorption spectroscopy measure-
ments suggest that this anomalous behavior is related to the
presence of Mo®" ions such as in K,MoO, compound.

Keywords Oxides - Photoelectron spectroscopy - Electrical
properties

1 Introduction

Molybdenum oxides are well known due to the great stoichio-
metric and physical properties variety [1-3]. The ideal molyb-
denum dioxide bulk is monoclinic, weakly paramagnetic, and
display a conventional metal-like behavior [4]. Theoretical
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studies have shown that ultrathin films [5] and bulk with some
molybdenum or oxygen vacancies can form magnetic mo-
ment with ferromagnetic couple. The origin of magnetism is
still under investigation, but some authors believe that the
reason may be due to defects such as vacancies or interstitial
doping [6, 7]. These results indicate that small fluctuations of
the Mo valences can cause considerable changes in the phys-
ical properties of the MoO, samples.

Considering y between 2 and 3, it is possible to find
phases with very different physical properties. MoO, has
asymmetric crystalline structure with Mo-Mo channels along
the c-axis, which results in anisotropic conductivity [8, 9].
Molybdenum trioxide in its more stable phase is orthorhom-
bic and insulator [10, 11]. Furthermore, other binary molyb-
denum oxides are reported with different chemical composi-
tion and Mo valences, such as the Magnéli phases Mo04O1,
MogO,3, and MoyO,¢. All phases are very interesting due to
their physical properties such as quasi-low-dimensional elec-
trical conductivity and formation of charge density wave
(CDW) instabilities [8, 9, 12—14].

Many other molybdenum oxides have metal-metal bonds
in the structure forming easy conduction along one direction.
LipoMogO;7 [15] and Ko 3MoO; [16, 17] are some good ex-
amples. These compounds form monoclinic structures and are
reported to be highly anisotropic with quasi-one- or quasi-
two-dimensional electrical behavior [3]. The electrical resis-
tance of Lip9MogO;7 has been well described by two-band
Luttinger liquid (LL) with two power-law T terms [18]. K,.
MoO; has an anomalous metallic behavior below 70 K which
can be described by one LL power-law temperature term [19,
20]. Besides the high anisotropic behavior of these com-
pounds, they show other interesting physical properties. For
instance, Lip ¢Mo0gO;7 undergoes a metallic-to-
semiconducting transition at 28 K and surprisingly changes
from semiconducting-like behavior to superconducting below
1.9 K [21]. K.Mo0O, superconducts with critical temperature
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(T¢) ranging from 4 to 10 K depending on the sample com-
position [19, 20]. In a recent paper, superconductivity was
found at 12 K in oxygen-deficient MoO, [22].

In this work, the influence of the oxygen contents on the
electrical behavior of the MoOy, samples with y near 2 is report-
ed. The results show that the presence of the Mo™* ions in the
MoO,, samples is responsible for a variety of electrical behavior.
An anomalous electrical behavior similar to the power-law tem-
perature dependence of K,MoO, compound has been observed
in the MoO; g5 and MoO ¢ samples. These results suggest that
K-doping is not necessary for inducing the anomalous electrical
behavior observed in K.MoO, [19, 20].

2 Experimental

Polycrystalline samples of MoO,, with 1.85<y<2.20 were pre-
pared by solid state diffusion method. Samples containing
appropriate amounts of oxygen (v) were prepared by mixing
MoOj3; and Mo metallic. The mixtures were compacted into
pellets, placed in quartz tubes under vacuum, and heat treated
at 400 °C for 1 day followed by 700 °C for 3 days. X-ray
powder diffraction patterns were performed at room tempera-
ture using a Shimadzu diffractometer (XRD 6000) with
40 kV-30 mA, Cu-K« radiation, and Ni filter. The 20 data
were collected from 10 to 90° using a step of 0.05°. X-ray
photoemission (XPS) and absorption (XAS) spectroscopies
were performed in the soft X-ray (SXS) and spherical grating
monochromator (SGM) beamlines, respectively, at
Laboratério Nacional de Luz Sincroton (LNLS, Campinas,
SP, Brazil). Both measurements were performed at UHV, with
a base pressure of around 10~° mbar, and at room temperature.
The overall energy resolution was about 0.4 eV (hv=
1840 eV) for XPS and 0.5 eV for XAS spectra. Electrical
resistance as a function of temperature was measured using
standard four-probe method in a 9T Physical Properties Mea-
surement System (PPMS) from 2 to 300 K.

3 Results

Figure 1 displays X-ray diffraction (XRD) patterns for sam-
ples in the composition range of 1.85<y<2.20.

Samples with y ranging from 1.85 to 2.05 are single phase
within the resolution of the XRD technique. On the other
hand, samples with higher oxygen contents (y>2.05) clearly
show impurity phases (indicated by arrows). Based upon these
results, we can study the physical properties of the single-
phase samples in the MoO,, system within the solubility limit.
Due to several oxygen compositions of the samples, different
physical properties are expected. This has attracted great at-
tention nowadays to the MoO, film or bulk samples as report-
ed by some authors [5, 6].
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Fig. 1 X-ray diffraction patterns for the MoO,, samples (1.85<y<2.20).
For y>2.10, additional peaks, which can be related to orthorhombic
Mo,4O; structure, are observed [23] (see, for instance, peaks indicated
by arrows for y=2.20)
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XRD has also been studied by Rietveld refinement. Exper-
imental X-ray diffractometry data for the MoO, s, the final
Rietveld refinement, and the difference between both are
shown in Fig. 2. The left inset of this figure shows the mag-
nification near the peaks at 37°. The right inset shows how
lattice parameters vary as a function of the starting composi-
tion y in the MoO,,.

The Rietveld refinement was performed using GSAS-
EXPGUI program [24, 25], and the starting data chosen for
this refinement was published by Bolzan et al. [26] for the
MoO,. The refinement were stable and yielded the lattice
parameters a=5.603(3) A, b=4.855(4) A, c=5.624(6) A,
a=7=90°, and §=120.929(2)° which are in good agreement
with previous work [25]. The goodness of fit was S (Ryp/
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Fig. 2 X-ray powder diffraction pattern (asterisks), final Rietveld
refinement (red lines), and difference between both (blue line) for a
sample with starting composition of Mo0O, ¢s. Left inset shows the
magnification near the peaks at 37°. Right inset shows how lattice
parameters vary as a function of the starting composition y in the
MoO,. Dashed lines are guides by the eyes
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Rexp)=1.57. Left inset shows small changes in the 1.85 to 1.95
range. Above y=1.95, the changes cannot be accounted be-
cause they are within the error bar.

In Fig. 3, one can observe that the R(T) curves are dependent
on the starting oxygen composition for single-phase samples. For
y=1.95, 2.00, and 2.05, a metal-insulator transition occurs close
to 110 K. Furthermore, a second transition from semiconducting
to metallic is observed near 25 K in these samples. The origin of
the transitions in the MoO,, is still under discussion but seems to
be strongly reminiscent of those observed in 1-Mo,O;; which
are generally assigned to the CDW instabilities [14]. Inset dis-
plays electrical resistance as a function of temperature of a sam-
ple with low oxygen content (y=1.85). This behavior is different
from what is expected for conventional metals. A similar anom-
alous behavior has been reported recently by us for the
K MoO, compound. A power-law of R(T)~T¢, with o=
0.46(8), has fitted this result. For the best of our knowledge, this
is the first time that this anomalous behavior has been observed
in MoQO,. It is important to mention that the sample with starting
composition of MoO, does not exhibit the metal-like behavior
published for MoO, [4, 20] due to methodology adopted in this
work which does not provide a precise control of the molybde-
num valences in the same sample. So, let us discuss the influence
that valences can have on the electronic properties of MoO,,
samples.

Core level photoemission spectroscopy for the MoO,, sam-
ples with 1.85<y<2.05 is displayed in Fig. 4.

The Mo 3p core level spectra, shown in Fig. 4, display two
main structures associated with the Mo 3p;,, and Mo 3p, levels
which are split due to spin-orbit effects. In the Mo 3ps, region,
the peak around 398.5 eV is assigned to Mo*" (4d”) states, but
there is also a Mo®*(4d>) contribution near 395.5 eV. In the Mo
3py» region, the peaks are near 415 and 413 eV, respectively,
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Fig. 3 R/Rys0x as a function of temperature for samples with starting
composition MoO,, in the 1.85<y<2.05 range. Inset shows electrical
resistance as a function of temperature for a sample with starting
composition MoO; g5 displaying power-law behavior Blue line indicates
a fitting with R(T)=T with a=0.46(8)
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Fig. 4 Mo 3p core level photoemission (XPS) spectra of MoO,, samples
with 1.85<y<2.00. Inset shows the O 1s core level XPS of MoO, samples
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Fig. 5 a Valence band photoemission spectra of MoO, samples with
1.85<y<2.00. The inset shows the change in intensity in the region
near the Fermi level in better detail. b O 1s X-ray absorption spectra of
MoO, samples with 1.85<y<2.00
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due to Mo*" and Mo®" ions. Similar discussion has been ad-
dressed recently by us for the K .MoO, compound [19, 20].
Furthermore, reference 20 shows that the metal-like behavior
is observed in the MoO, compound when Mo®" content van-
ishes. The inset also shows the O 1s core level spectra for the
MoO,, samples. The single-peak structure does not change as a
function of y showing that the oxygen states remain unaffected
by its stoichiometry (by this composition).

The electron doping caused by the amount of oxygen in
each sample also affects the valence and conduction states.
Figure 5a shows the valence band photoemission spectra for
the MoO,, samples. All the spectra are formed by the O 2p
band, from about 10 to 3.0 eV, and the Mo 4d band, from
around 3.0 to 0 eV. More importantly, the inset shows that,
as the oxygen content decreases, the intensity of the Mo 4d
band becomes relatively larger. This can be interpreted as an
increase of the electron count in the Mo 4d states.

Conversely, Fig. 5b presents the O 1s X-ray absorption
spectra for the MoO, samples. This technique is related to
transitions from the O 1s core level to empty O 2p states.
Therefore, the spectra is related to the O 2p conduction band,
covalently mixed with Mo 4d states, from 528 to 537 eV, and
with Mo 5s and 5p states, above 537 eV. The main change
here, as a function of y, is the decrease in the relative intensity
of the first peak in the Mo 4d region (peak A). This can be
related with a decrease in the unoccupied density of states, just
above the Fermi level. Again, the changes in the spectra point
to an increase in the electron count in the Mo 4d states.

The results show that the samples with several oxygen
compositions have different Mo®*/Mo*" contributions. Partic-
ularly, the reduced oxygen stoichiometry increases the Mo®"
contribution, inducing an electron doping effect. Thus, there is
a direct correlation between the electron doping in the sample
and the observation of metal-insulator transition and the
anomalous power-law behavior. Furthermore, no K-doping
is necessary for the appearance of the anomalous power-law
behavior observed in MoO,, and K,MoO, [19, 20].

4 Conclusions

XRD shows that the MoO,, samples are single phase within
the limit 1.85<y<2.05. Electrical resistivity measurements are
very sensitive to the oxygen composition. When the Mo>"/
Mo™" ratio is high, samples show various unexpected electri-
cal behaviors. Samples with y=1.85 and 1.90 display anoma-
lous power-law behavior suggesting a low-dimensional elec-
trical conductivity similarly to the K\MoO, compound. Core
level photoemission, valence band photoemission, and X-ray
absorption results show that these samples have different con-
centration of Mo®" ions. The results unambiguously show that

the presence of Mo® " ions is necessary for inducing the power-
law behavior observed in the MoO,, and K,MoO, compounds.
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