
Physica B 628 (2022) 413624

Available online 20 December 2021
0921-4526/© 2021 Elsevier B.V. All rights reserved.

Studies on synthesis, structure and physical properties of NbMoO4 
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A B S T R A C T   

A transition metal oxide, NbMoO4, is synthesized by using a solid-state reaction method, then the morphology of 
the sample is characterized by the scanning electron microscopy. The X-ray diffraction refinement and trans
mission electron microscopy results show that the sample has a TiO2 rutile-type structure with space group P42/ 
mnm, which is the high-temperature phase of NbO2 and MoO2. Our transport result indicates that the resistivity is 
as low as 0.02 Ω⋅cm in the temperature range from 2 to 300 K, indicating the metallicity of NbMoO4. 
Furthermore, the calculated density of states and experimental specific heat data from 2 to 20 K also confirm the 
metallic behavior. Our magnetization experiments indicate that the NbMoO4 exhibits paramagnetism. The 
valence states of Nb4+ and Mo4+ in NbMoO4 are revealed by the X-ray absorption spectroscopy.   

1. Introduction 

Transition metal oxides (TMOs) have attracted many scientists’ 
attention due to their unique interactions among lattice, charges, spins, 
and orbitals [1], which have wide and successful applications [2] in 
recent decades, such as in high-Tc superconductors [3], spintronic de
vices, magnetoelectric and multiferroic materials [4,5]. The crystal field 
causes the d-orbitals of transition metal ions to split into t2g and eg or
bitals and the Jahn-Teller distortion [6–8] further induces the removal 
of the degeneracy of t2g and eg orbitals. Therefore, the occupation of 
d-orbital electrons causes a metallic or insulated phase [9]. 

Among TMOs, the mixed transition metal dioxides, including 
TiO2–NbO2, VO2–MoO2, MoO2–CrO2, Ti1-xVxO2, V1-xNbxO2 [10,11], 
VMoO4, TaWO4, VCrO4, VWO4 [12], possess structural transitions, 
diverse magnetic structures, metal-insulator transition, charge ordering, 
etc. [13–15]. Moreover, since the formation of ionic or covalent bonds 
occurs in the outermost s-orbital and d-orbital, there are multiple ionic 
valence states in the TMOs, for example, FexMo6S8 [16], Mo1-xWxS2 
[17], Zn3MoN4 [18], FeMoO4 [19]. The Nb and Mo ions in the TMOs 
have multiple valence states, indicating their diverse electronic 

structures. 
NbO2 has a structural transition induced by temperature from a 

body-centered tetragonal structure (I41/a) to a rutile structure (P42/ 
mnm) at 1080 K [20]. MoO2 possesses a monoclinic structure (a distorted 
rutile structure, space group P21/c) at room temperature and transforms 
into a rutile structure (P42/mnm) at 1533 K [21]. Hence, the rutile 
structure usually exists at high temperatures for both NbO2 and MoO2. 

Generally, a structural transition is accompanied by a change of 
electrical transport properties. At room temperature, NbO2 with a body- 
centered tetragonal structure maintains Nb–Nb dimer along the c-axis 
and exhibits insulator conductivity. At the structural transition tem
perature (1080 K), the Nb–Nb dimer breaks down and NbO2 shows a 
metallic state, i.e., NbO2 undergoes an insulator-to-metal Peierls tran
sition. In contrast, MoO2 keeps a metallic state with Mo–Mo dimer at 
room temperature. The origin of forming transition metal cation dimers 
is investigated in Ref. [22]. 

Recently, Qin et al. revealed the photoinduced insulator-to-metal 
transition in NbO2 and studied the pressure effect on the electrical 
transport property of MoO2 [21]. In addition, when doping with po
tassium (K) into MoO2, abnormal magnetic properties compared to pure 
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MoO2 were found [23]. 
NbMoO4 with a rutile-type structure was first synthesized in the 

1950s [10,11,24]. Compared with other mixed TMOs, such as 
TiO2–NbO2, TiO2–MoO2, NbO2–CrO2 and VO2–CrO2, the NbMoO4 was 
synthesized at the temperature about 1273 K, which is the synthesis 
condition for most of other TMOs except for TiO2–MoO2 (at 1573 K) 
[10]. Whether the synthesized TiO2–NbO2 by using rutile structure TiO2 
or NbO2–MoO2 formed by the superstructure of disordered rutile NbO2 
show a wide range of intermediary regions of ideal rutile structure [11]. 
Among these compounds, NbMoO4 has the largest a and smaller c [10]. 
However, the details and physical properties of NbMoO4 have been 
seldom studied. In this work, we synthesized NbMoO4 with 4d electrons 
by using an improved method than before [10,11], studied the structure 
and physical properties in detail, and analyzed the valence states of Nb 
and Mo. 

2. Experimental section 

2.1. Sample synthesis 

Polycrystalline NbMoO4 samples were synthesized by using a tradi
tional solid-state reaction method. According to the chemical equation 
Nb2O5 + Mo+ MoO3 = 2NbMoO4, the raw materials Nb2O5, Mo and 
MoO3 powders were mixed at a molar ratio of 1: 1: 1, and then pressed 
into a pellet and sealed in an evacuated quartz tube. Finally, the pellet 
was sintered for 48 h step by step at 1223 K, 1423 K, and 1273 K, 
respectively, with intermediate grinding. 

2.2. Sample characterization 

The morphology of NbMoO4 was characterized by a scanning elec
tron microscope (SEM, XL30 S-FEG). The X-ray powder diffraction 
(XRD) measurement was performed on a Huber diffractometer (Cu Kα1 
radiation) based on the focusing principle of Seemann-Bohlin. The XRD 
Rietveld refinement was carried out by using the FullProf.2k program 
[25]. The selected area electron diffraction (SAED) patterns were ac
quired on transmission electron microscopes (TEMs) (CM200 with a 
field-emission gun (FEG), and JEM-2100 Plus) operating at 200 kV. 
Scanning transmission electron microscopy (STEM) studies were carried 

out on a JEOL ARM200F TEM equipped with double Cs correctors 
(CEOS) for the condenser lens and objective lens. The high-angle 
annular dark-field (HAADF) images and annular bright-field (ABF) im
ages were acquired simultaneously at acceptance angles of 90–370 and 
11.5–23.0 mrad, respectively. The available spatial resolution for each 
of the STEM images is better than 78 picometers at 200 kV. The mag
netic properties were measured by using a vibrating sample magne
tometer with a superconducting quantum interference device (SQUID 
VSM). A physical property measurement system (PPMS) was used to 
gain the specific heat and electrical transport data. Theoretical calcu
lations for the density of states (DOS) were carried out using the WIEN2k 
package. The calculated method is a full-potential linearized augmented 
plane-wave (FLAPW). The used exchange-correlation functional is 
generalized gradient approximation (GGA) [26]. The muffin-tin radius 
for Mo, Nb, and O is 1.89, 1.89, and 1.71 bohr, respectively. The X-ray 
absorption spectroscopy (XAS) was adopted for determining the valence 
states of Nb and Mo at beamline BL16A of the National Synchrotron 
Radiation Research Center (NSRRC) in Taiwan, using a total electron 
yield (TEY) mode. 

3. Result and discussion 

Fig. 1 (a) is an SEM image of NbMoO4 and shows the polycrystalline 
sample with an irregular quadrilateral shape, clean surface, and grain 
size of about 5 μm. The XRD pattern of NbMoO4 at room temperature 
with the Rietveld refinement profile is presented in Fig. 1 (c) and all the 
diffraction peaks can be indexed to a TiO2 rutile-type structure with a 
space group of P42/mnm (No. 136). Specifically, this structure is the 
high-temperature structure of NbO2 and MoO2, which is transformed 
from the distorted rutile-type structure with a pairing of metal atoms 
parallel to the rutile c-axis [27]. Fig. 1 (b) shows the corresponding 
structure model. The mixed Nb and Mo ions occupy the Ti4+ position, 
consistent with the report in Ref. [10]. Nb and Mo ions are positioned at 
the 2a (0,0,0) site, and O ion is at the 4f (0.2879(4), 0.2879(4), 0) site. 
The refinement residuals Rp and Rwp are 4.52% and 6.80%, respectively, 
indicating a reasonable fitting result. The refined results, such as the key 
bond lengths and angles, are listed in Table 1. 

Fig. 2 (a) and 2 (b) are the typical SAED patterns of NbMoO4 along 
the [001] and [111] zone axes, respectively. And the corresponding 

Fig. 1. (a) The SEM image of polycrystalline NbMoO4. (b) The crystal structure schematic diagram of NbMoO4. (c) The XRD pattern and the Rietveld refinement 
profile of NbMoO4 at room temperature. The experimental curve (black circles), the calculated results (red line), and the differences (blue line) are displayed. The 
positions of the Bragg reflection peaks are marked by red ticks. The refined space group is P42/mnm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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HAADF images at the atomic scale are shown in Fig. 2 (c) and 2 (d). The 
bright spots in the images indicate the positions of Nb (Mo) atomic 
columns. Since the contrast intensity of HAADF images is approximately 
proportional to Z1.5 (Z is an atomic number) [28–30], the contrast of Nb 
(Z = 41) and Mo (Z = 42) atoms is indistinguishable in Fig. 2 (c) and 2 
(d). Nevertheless, the HAADF images still provide direct evidence of the 
rutile structure of NbMoO4. Fig. 2 (e) and 2 (f) present the corresponding 
ABF images along the [001] and [111] zone axes, respectively. The 
enlarged details of ABF images superimposed with the refined structure 
along the corresponding zone axes are displayed in Fig. 2 (g) and 2 (h). 
The above results indicate that NbMoO4 at room temperature has the 
high-temperature phase of NbO2 and MoO2. 

The resistivity curve versus temperature is displayed in Fig. 3. The 
magnitude of resistivity lies in the level of 10− 2 Ω⋅cm, to more precise, 
the resistivity has a little change from 24.2 mΩ⋅cm to 18.7 mΩ⋅cm with 
increasing temperature from 2 to 300 K. The tendency of resistivity 

reducing with increasing temperature may be caused by the grain 
boundary effect in the polycrystalline sample. The transport properties 
indicate that the rutile-type structural NbMoO4 is metallic, similar to the 
high-temperature phase of NbO2 [31]. It should be noted that both of the 
phases have no cation dimers. We further calculated the density of states 
(DOS) to study the electronic property of NbMoO4 and present the 
related results in Fig. 4 (b). 

We calculated the DOS of NbMoO4 as well as MoO2 for comparison. 
The calculated DOS of MoO2 with Coulomb interactions U=4 eV to the 
Mo atom is shown in Fig. 4 (a). The DOS at the Fermi surface is nonzero 
as shown in Fig. 4 (a), which means the metallic conductivity. Our result 
coincides with the previous report in Ref. [27]. We use the virtual crystal 
approximation method to calculate the DOS of NbMoO4. All the results 
show the metallicity of NbMoO4 as U values applied to the Nb and Mo 
atoms changes from 0 eV to 6 eV at the interval of 2 eV. As an example, 
Fig. 4 (b) presents the calculation result of U=4 eV. Even if the Coulomb 
interactions energy up to 6 eV, the calculated result still manifests as a 
metallic state, which means that NbMoO4 is intrinsically metallic. In 
addition, we also performed calculations for four types of large super
cells consist of 72 atoms, with the random distribution of Nb and Mo 
atoms. In the calculations, we applied the total 60 k-points in the Bril
louin zone. The calculated results show that the refined structures 
(shown in Fig. S1) using the WIEN2k package have little changes from 
the constructed ones and all the DOS (shown in Fig. S2) also show 
metallic states. In our calculations, we applied the virtual crystal 
approximation as well as constructed four types of random distributions 
of supercells, and obtained the metallic characteristics for all the cases, 
consistent with our experimental results. 

Furthermore, we measured specific heat cp(T) and no obvious 
abnormal peak has been observed in the temperature range of 2–300 K 
(Fig. 5). In the range of 2–20 K, it is noticed that the data can be well 
fitted by the formula cp = γT+ βT3, shown in Fig. 5. The γT and βT3 

represent the electronic and the lattice heat-capacity, respectively. The 
value of the electronic heat capacity coefficient (γ) is estimated as 6.829 
× 10− 2 J/mol⋅K2 and the lattice heat-capacity coefficient (β) is 4.687 ×
10− 4 J/mol⋅K4. The fitted coefficient γ is much larger than β, which 

Table 1 
Refinement structural parameters of NbMoO4.  

Parameters NbMoO4 

lattice system tetragonal 
space group P42/mnm 
a (Å) 4.8499(6) 
c (Å) 2.9097(5) 
V (Å3) 68.439(1) 
Nb (Mo) 2a (0,0,0) 
O 4f (x, x,0)  

x = 0.2879(4) 
Uiso (Nb) (100 × Å2) 0.483(16) 
Uiso (Mo) (100 × Å2) 0.483(16) 
Uiso (O) (100 × Å2) 0.220(58) 
Nb (Mo)–O (Å) 1.9739(19)  

2.0579(14) 
O–Nb (Mo)–O (◦) 90.00(12)  

180.00(18)  
89.98(5) 

Rwp (%) 6.80 
Rp (%) 4.52  

Fig. 2. (a) and (b) The SAED patterns of NbMoO4 along the [001] and [111] zone axes, respectively. (c) and (d) The corresponding HAADF images along the [001] 
and [111] zone axes, respectively. (e) and (f) The corresponding ABF images along the [001] and [111] zone axes, respectively. (g) and (h) The enlarged details of the 
ABF images superimposed with the refined structure along the [001] and [111] zone axes, respectively (corresponding to the regions of red frames in (e) and (f), 
respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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means the electronic heat-capacity dominantly contributes to the total 
specific heat at low temperatures. It again confirms that NbMoO4 ex
hibits a metallic behavior. 

Magnetization as a function of temperature obtained in zero field 
cooled (ZFC) and field cooled (FC, H = 0.1 T) conditions for NbMoO4 are 

displayed in Fig. 6 (a). The ZFC and FC curves were acquired at an 
applied magnetic field H = 0.1 T and show identical characteristics. The 
1/χ-T curve of the ZFC is also shown in Fig. 6 (a). It is indicated that the 
curve does not typically obey the Curie-Weiss law that should be 
approximate to a straight line in a high temperature range [32]. In the 
case of the metallic state of NbMoO4, we consider that the magnetization 
behavior is determined by Pauli paramagnetism and Curie-Weiss para
magnetism. As shown in Fig. 6 (a), we fit the high-temperature data from 
100 to 400 K with modified Curie-Weiss law (χ = C

T− θ +χ0) and finally 
obtain paramagnetism result with the fitting parameters θ ≈ 0 K, C =
0.0261 emu⋅K⋅mol− 1⋅Oe− 1 and χ0 = 3.8477 × 10− 4 emu⋅mol− 1⋅Oe− 1. 
Fig. 6 (b) shows the hysteresis loops of NbMoO4 in magnetic fields from 
− 7 to 7 T at 2 K and 300 K, respectively. The hysteresis loop at 300 K is a 
straight line, indicating a typical paramagnetic behavior. The magneti
zation is still proportional to the applied magnetic field even up to about 
1 T at 2 K, and the hysteresis loop begins to bend as H continuously 
increases. The shape of the hysteresis loop at 2 K conforms to the typical 
paramagnetic Brillouin function [33]. Based on the above results, we 
conclude that NbMoO4 is a paramagnetic metal. 

To understand the electronic structure of NbMoO4, we have 
measured X-ray absorption spectra (XAS) at the Nb L3 and Mo L3 edges, 
which is sensitive to the valence state of 4d transition metal elements 
[34–36]. Fig. 7 (a) shows Mo L3 XAS spectra of NbMoO4 and La2LiMoO6 
and MoO3 as a Mo5+ and a Mo6+ reference, respectively. The lower and 
the higher energy peaks are related to the transition from the Mo 2p core 
level to the t2g and the eg orbitals in octahedral coordination, respec
tively. There is a gradual shift to the lower energy from Mo6+ in MoO3 to 
Mo5+ in La2LiMoO6 and further to NbMoO4, indicating Mo4+ valence 
state in the NbMoO4. It is indicated that the Nb4+ valence state is 
confirmed due to a charge balance requirement. Fig. 7 (b) presents the 
Nb L3 XAS spectra of NbMoO4 together with NbO2 and Nb2O5 as an Nb4+

and an Nb5+ reference, respectively. The NbMoO4 and NbO2 have nearly 
the same energy and are shifted to the lower energy with respect to Nb5+

reference Nb2O5, indicating Nb4+ valence state in NbMoO4. The 
different spectral features between NbO2 and NbMoO4 is originated 
from a strong local distortion in the former [37]. 

4. Conclusions 

We have successfully synthesized polycrystalline NbMoO4 and 
determined its structure as a rutile type, which is the high-temperature 

Fig. 3. The resistivity as a function of temperature for NbMoO4 from 2 to 
300 K. 

Fig. 4. (a) Calculated total and elemental DOS for Mo and O ions. (b) Calcu
lated total and elemental DOS for Nb, Mo, and O ions. 

Fig. 5. The temperature dependence of specific heat cp(T) of NbMoO4. The 
inserted image is an enlarged part of cp(T) in the temperature range of 2–20 K. 
The experimental data (the red curve) is fitted by the formula cp = γT + βT3 

(the green curve). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Y. Ji et al.                                                                                                                                                                                                                                        



Physica B: Physics of Condensed Matter 628 (2022) 413624

5

structure of NbO2 and MoO2. The transport property measurement in
dicates that polycrystalline NbMoO4 has a metallic behavior, consistent 
with our theoretical calculation results and the specific heat data. The 
metallic state with a rutile-type structure is in accordance with the high- 
temperature phase of NbO2 and MoO2. We reveal that NbMoO4 is 
paramagnetic and both Nb and Mo ions have a +4 valence state in 
NbMoO4. 
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