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Abstract

:

We report on optical spectroscopic measurements in pure NdVO4 crystals at pressures up to 12 GPa. The influence of pressure on the fundamental absorption band gap and Nd3+ absorption bands has been correlated with structural changes in the crystal. The experiments indicate that a phase transition takes place between 4.7 and 5.4 GPa. We have also determined the pressure dependence of the band-gap and discussed the behavior of the Nd3+ absorption lines under compression. Important changes in the optical properties of NdVO4 occur at the phase transition, which, according to Raman measurements, corresponds to a zircon to monazite phase change. In particular, in these conditions a collapse of the band gap occurs, changing the color of the crystal. The changes are not reversible. The results are analyzed in comparison with those deriving from previous studies on NdVO4 and related vanadates.
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1. Introduction


Trivalent metal orthovanadates have been constantly studied during the last decade because of their optical properties, which makes them appropriate for many different technological applications. Such applications go from photocatalytic water purification and hydrogen production to scintillators, phosphors, solid-state lasers, magnetoelectric, and medical applications [1,2,3,4,5,6]. Neodymium vanadate (NdVO4) is one of the most promising orthovanadates for the development of technological applications [1,2,3,4,5,6], for which an accurate knowledge of NdVO4 optical properties is a fundamental requisite. Several studies have been carried out on the optical properties of NdVO4 [6,7,8,9,10,11], mainly focused on the study of the band-gap energy and the optical absorptions associated to internal transitions of Nd3+ ions from 4I9/2 to 4G5/2, 4F7/2, 4F5/2, and 4F3/2 [12]. Discrepancies on the value of the fundamental band gap (Egap) can be found in the literature [6,7,8,9,10,11], with values of the Egap ranging from 2.95 to 3.72 eV. Consequently, new studies are needed to accurately determine this parameter, which is crucial for the understanding of the properties of this wide gap semiconductor.



A second focus of research on NdVO4 has been the influence of pressure on its properties and crystal structure. Numerous studies have been carried out, reporting the existence of a phase transition around 5–6 GPa [13,14,15,16]. Interestingly, it has been found that the crystal structure of the high-pressure (HP) phase strongly depends on the conditions of the experiment (namely, hydrostatic or non-hydrostatic conditions). On the other hand, a second phase transition has been found to occur at 18–20 GPa, according to Raman and X-ray diffraction (XRD) experiments [13,14]. In contrast, optical-absorption experiments located this transition at 12 GPa. These results also suggest that additional studies of the pressure effects on the optical properties of NdVO4 are required. This could give not only information about the pressure dependence of the band gap but also on the structural stability. In particular, the study of the behavior under compression of the internal absorption transitions of Nd3+ ions, which strongly depend on their local environment, can be useful to characterize the HP phase transitions [17,18].



Here we report a systematic study of the optical properties on NdVO4 in the ultraviolet (UV)–visible (VIS) range. The studies have been carried on single crystals growth by the flux growth method. The maximum pressure achieved is 12 GPa. Our results confirm that NdVO4 is a wide-gap semiconductor with Egap = 3.72(2) eV. The pressure dependence of Egap is reported and discussed, as well as the pressure dependence of the absorption bands associated to internal transition of Nd3+. We demonstrate the existence of only one phase transition in the pressure range covered by the experiment. This transition is non-reversible and causes a band-gap collapse, along with important changes in the absorption bands associated to Nd3+, as shown and discussed in the following.




2. Materials and Methods


NdVO4 single crystals, up to 10 mm long, were obtained by the flux growth method [19,20,21]. A 1:1.923 mol. mixture of V2O5 and PbO (99%, Carlo Erba, Val-De-Reuil, France, and 99.9%, Sigma Aldrich, St. Louis, MO, USA, respectively) plus borax (Na2B4O7·10H2O, > 99%, JT Baker, Waltham, Waltham, MA, USA) was used as the flux. Borax was added as a flux modifier, in order to increase the size of the crystals [22]. Nd2O3 (0.7394 g, purity 99.99%, Sigma Aldrich, St. Louis, MO, USA) was added as the crystal precursor. All the reagents were in form of fine powders. The flux composition was 21.3082 g of PbO, 9.1235 g of V2O5, and 1.25 g of Na2B4O7·10H2O. Platinum crucibles were filled with the flux and the precursor, sealed with a platinum lid, and put in a programmable oven. To dehydrate the mixture, the temperature was ramped up at 0.6 °C/hour and kept at 250 °C for 2 hours. Afterwards, the temperature was kept fixed for 15 hours at 1300 °C, after a gradual increment at a rate of 105 °C/hour. During this step, the flux melts and acts as a solvent for Nd2O3. The temperature was then slowly decreased until 950 °C (−1.8 °C/hour), in order to promote the formation of the crystals by precipitation and spontaneous nucleation. The crucible was then removed from the oven, rapidly reversed (to facilitate the recovery of the crystals) and allowed to cool down to room temperature. Subsequently, the platinum lid was removed and the crucible was immersed in hot nitric acid (1.5 M), which was continuously stirred and renewed multiple times until the complete dissolution of the flux. Finally, the clean crystals were washed with deionized water and recovered using a paper filter.



In order to characterize the growth of NdVO4 crystals we performed energy-dispersive X-ray spectroscopy (EDXS) in a transmission electron microscopy (TEM, FEI Company, Hillsboro, OR, USA) operated at 200 kV (TECNAI G2 F20 S-TWIN, Waltham, MA, USA), powder XRD measurements using a Rigaku D/Max diffractometer (Tokyo, Japan) with Cu-Kα radiation (λ = 1.5406 Å), and Raman measurements in backscattering geometry with a Jobin Yvon THR1000 single spectrometer (Kyoto, Japan) equipped with an edge filter, a 10X objective (Mitutoyo, Kawasaky, Japan) with a numerical aperture of 0.28, and a thermoelectric-cooled multichannel charge-coupled device (CCD) detector, using a 632.8 nm HeNe laser (10 mW power).



Optical-absorption experiments were accomplished in the UV–VIS range using the optical set-up previously described by Segura et al. [23], which is equipped with Cassegrain objectives (6X magnification and 0.60 numerical aperture, Edmund Optics, Mainz Germany) and an UV–VIS spectrometer (USB4000-UV–VIS - Ocean Optics, Duiven, Netherlands). Optical absorption spectra were obtained from the transmittance of the sample, measured using the sample-in sample-out method [24]. For these measurements, platelets of size 60 × 60 μm and approximately 5 μm thick were cleaved along the {110} plane. The experiments were carried out both at ambient and at high pressure. The HP experiments were performed using a diamond anvil cell (DAC, Chervin-type, Sorbonne University, Paris, France) equipped with IIA-type diamonds with a culet size of 480 μm. The crystals were loaded in a 200 μm hole of a steel gasket, pre-indented to a thickness of 50 μm. As the pressure medium, we employed a 16:3:1 methanol–ethanol–water mixture, which remains quasi-hydrostatic up to 10.5 GPa [25]. The NdVO4 crystals were carefully located at the center of the gasket hole to avoid bridging [26]. Small ruby chips were loaded next to the sample for pressure determination [27] with an accuracy of 0.05 GPa. The full width half maximum of R1 and R2 lines of ruby fluorescence and the splitting between them confirm the quasi-hydrostatic conditions of the experiments [28].




3. Results and Discussion


3.1. Ambient-Pressure Characterization


The obtained single crystals are transparent with a strong violet hue. The growth is preferentially along the c-axis, with size of the order of 5 × 1 × 0.2 mm (see inset in Figure 1). EDXS shows the presence of only Nd, O, and V, indicating that the grown crystals are free from impurities. According to EDXS analysis, the ratio of Nd to V is found to be ~1, confirming the formation of stoichiometric NdVO4. Results from powder XRD measurements are shown in Figure 1 together with the results of the structural refinement and residuals. The phase purity of NdVO4 has been confirmed by the Rietveld refinement, along with the expected zircon-type crystal structure (space group I41/amd) [29]. A total number of 31 reflections have been observed and all of them have been used in the refinement. Nd and V are located at high-symmetry atomic positions 4a (0, 3/4, 1/8) and 4b (0, 1/4, 3/8), respectively. This facilitates the determination of the positions of oxygen atoms, which were established to be at 16 h (0, 0.4292(5), 0.2055(5)). The unit-cell parameters are a = 7.3311(8) Å and c = 6.4359(7) Å. According to these results, the zircon structure is composed of regular VO4 tetrahedral units with a V-O distance of 1.7076(6) Å and NdO8 dodecahedra with two different Nd-O distances, 2.4082(9) and 2.5001(9) Å. These results are in full agreement with the literature [4,29]. The small residuals in Figure 1 and the R-factors of the refinement (RP = 5.8% and RWP = 7.11%) fully support the assignment of the zircon-type structure.



Results from the Raman experiment at ambient pressure are shown in Figure 2. Group theory predicts 12 Raman active modes for the zircon-type structure, whose irreducible representation is 2A1g + 4B1g + B2g + 5Eg [30]. All the expected Raman active modes could be identified in our experiment. Notice that the two broadest peaks (those at ~240 and 378 cm−1) are doublets consistent of modes very close in frequency (see Table 1). No other modes than those representative of zircon-type NdVO4 have been observed. This supports that only the stable polymorph of NdVO4 is present in our crystals, a conclusion that agrees with the results of XRD experiments. The wavenumbers of the different modes are summarized in Table 1. They agree with those reported by Santos et al. [30], Nguyen et al. [31], and Panchal et al. [13]. The mode assignment was done according to these previous works.



Results from optical-absorption experiments are shown in Figure 3. The absorption spectrum has an abrupt absorption edge at low wavelengths plus eight absorption bands, named as A1 to A8. These bands resemble those of the transitions between the levels of Nd3+, while the strong low-wavelength absorption corresponds to the fundamental band gap of NdVO4, with the typical Urbach-tail shape of this family of compounds [32,33]. This can be clearly seen in the inset of the figure, where the absorption is plotted as a function of the photon energy (E). In particular, it closely resembles the absorption edges of the direct band gap of zircon-type YVO4, LuVO4, and YbVO4 [11]. By assuming that the absorption coefficient (α) of NdVO4 obeys an Urbach-tail energy dependence, α(E)=α0e−(Egap−E)/Eu, we have been able to explain the observed strong low-wavelength (high-energy) absorption edge. In the equation, Eu is the Urbach energy, which is related to the steepness of the absorption edge. In the inset of Figure 3 we show the goodness of this dependence fit for the high-energy part of the absorption spectrum (red line). The best fit has been obtained with Egap = 3.72(2) eV and Eu = 0.081(5) eV. The value of the band-gap agrees with the results reported by Panchal et al. [11] and the value of Eu is comparable with the values reported for related oxides [34].



The rest of the absorption features observed in our experiment (A1 to A8 in Figure 3) can be correlated to transitions between 4f3 levels of Nd3+. All the absorption bands are composed by several overlapping peaks, due to the expected broadening at room temperature. They are centered at 359, 439, 474, 528, 593, 688, 753, and 817 nm. They likely correspond to transitions from 4I9/2 to 4G11/2, 4G9/2, 4G7/2, 4F9/2, 4G5/2, 4F7/2, 4F5/2, and 4F3/2, respectively [35]. The features at long wavelengths are the strongest and have been previously reported [6,7,8,9,10]. Among the others, only the absorption band centered at 359 nm has been previously reported, even if mistakenly assigned to the fundamental band-gap of NdVO4 [8]. This leads to the underestimation of the band gap, with values from ranging 2.95 to 3.5 eV [6,7,8,9,10]. The band gap of NdVO4 measured in our experiment is larger (3.72 eV), compatible with the band gap of rare-earth vanadates, and its value is determined by the classical field splitting of the VO43− ion [26], the top of the valence band and bottom of the conduction band being dominated by V 3d and O 2p states. A possible cause for the aforementioned underestimation of the band-gap can be the fact that the previous studies were carried out on nanoparticles and nanowires and not on single crystals. The diffusion of light through nanomaterials used in previous experiments, along with the poorer crystallinity, would lead to a larger Urbach energy, making the fundamental absorption edge less steep and causing it to merge with the highest energy absorption band of Nd3+, therefore leading to an underestimation of Egap.




3.2. High-Pressure Studies


We will now present the results from HP experiments. In Figure 4, we show the high-energy portion of the absorption spectrum, which we will use first to discuss the effect of pressure on the band gap. Afterwards, we will focus on the influence of pressure on the absorptions related to Nd3+. These results will be correlated with the information known on the HP behavior of the crystal structure and Raman modes of NdVO4 [13,14,15,16]. The first phenomenon we observe is that the absorption edge gradually blue-shifts from ambient pressure to 4.7 GPa. In particular, we found that in this range of pressure Egap increases from 3.72(2) eV to 3.79(2) eV. The shape of the absorption edge does not change with pressure, which indicates that the band gap remains a direct one. This result is in good agreement with the report by Panchal et al. [11]. In Figure 5, we present the pressure dependence of Egap and compare it with the literature [11]. Both experiments show a linear increase of Egap, which is a consequence of the increase of the repulsion of bonding and anti-bonding states as the V-O distances of the VO4 tetrahedron are reduced upon compression [13].



At 5.4 GPa we found an abrupt decrease of Egap. This can be seen in Figure 4 by the sudden red-shift of the absorption edge when moving from 4.7 to 5.4 GPa. This corresponds to a decrease of the band gap from 3.79(2) eV to 3.17(2) eV. This fact is indicative of the occurrence of a phase transition. From 5.4 up to 12 GPa, the absorption edge gradually red-shifts, with no indication of the existence of a second phase transition. Upon decompression, the transition is found to be irreversible in our experiment, being Egap = 3.26(2) eV at ambient pressure in the recovered sample. According to the literature, the observed transition can be either from zircon to scheelite or monazite [13,14,15,16]. In order to clarify this issue, we have carried out a Raman experiment at 6.9 GPa. The results are shown in Figure 2. For the scheelite phase, according to group theory, 13 Raman-active modes are expected (3Ag + 5Bg + 5Eg) [36]. For the monazite phase, 36 Raman-active modes are expected (18Ag + 18Bg) [14]. The difference in number of modes is very noticeable in the high-frequency region, where scheelite has a very characteristic feature with only three modes. In our experiment, the Raman spectrum has manifestly more than thirteen peaks. In addition, it very much resembles the Raman spectrum associated to monazite-type NdVO4 by Panchal et al. [14]. Therefore, the changes observed in the absorption spectrum are likely to be triggered by the occurrence of the zircon–monazite transition. This is a first-order reconstructive transition that involves a volume collapse and an increase in the coordination number of Nd from 8 to 9. In the HP monazite phase, Nd is surrounded by nine oxygens forming NdO9 pentagonal interpenetrating tetrahedral units, while in zircon Nd has eight neighboring oxygens forming NdO8 dodecahedral units.



From the absorption spectra shown in Figure 4 we obtained the pressure dependence of Egap, using the same procedure to determine it at ambient pressure. The results are shown in Figure 5 and compared with those reported by Panchal et al. [11]. For the zircon-type phase we obtained a very similar linear pressure dependence. In our case dEgap/dP = 11.2(9) meV/GPa. In the figure, the abrupt collapse of the band gap from 4.7 to 5.4 GPa can be seen, which is associated to the zircon–monazite transition. This transition involves a collapse of the volume, a lowering of the crystal symmetry, and a distortion of the VO4 tetrahedron [16]. These changes of the crystalline structure are reflected in the electronic structure of NdVO4, producing the above described collapse of Egap. Notice that the variation of the electronic band gap is much more rapid and sharp than the changes observed in the Raman and XRD experiments, suggesting that optical experiments at the intrinsic absorption edge are more accurate for the determination of the transition pressures. This is because the electronic properties are much more sensitive than the structural and vibrational properties to the influence of pressure. A small change in the crystal structure can induce large changes in the band structure and consequently in the electronic properties. In our case, the band-gap collapse at the transition is 0.1 eV larger than in previous experiments [11].



After the phase transition, the band gap follows a linear behavior but red-shifts under compression with a rate dEgap/dP = 19.5(9) meV/GPa. The HP monazite phase remains stable up to 12 GPa, the highest pressure covered by our experiments. Notice that we did not find evidence of the second transition reported by Panchal et al. [11]. However, we observed the formation of cracks in the crystal at 12 GPa, which allowed the diffusion of light and precluded the performance of accurate experiments at higher pressure. We consider the formation of cracks a possible precursor effect of the second transition reported by Panchal et al. [11] at 11. 4 GPa [37], which could be triggered at a lower pressure than in our experiment because of the use of a thicker crystal, causing the bridging of the crystal between diamonds [23]. Interestingly, we found that after releasing pressure, our samples remain in the HP phase. This allows us to determine the band gap of the metastable monazite-type polymorph at ambient pressure, with Egap = 3.26(2) eV. This value is probably more suitable for many photocatalytic applications than that of zircon-type NdVO4. The red-shift of the band gap in the HP phase is consistent with the results obtained for monazite-type LaVO4 [18]. The explanation for the closing of the gap with pressure in monazite (in contrast to the opening of the gap in zircon) comes from the contribution of Nd 4f and 5d orbitals to the bottom of the conduction band in monazite NdVO4. These states are much more localized than O 2p and V 3d states. As a consequence, the bottom of the conduction band does not shift with pressure, but the top of the valence band moves toward higher energies, causing the observed band gap decrease.



We will comment now on the absorption bands related to Nd3+. In Figure 4, it can be seen that at the phase transition the absorption band around 359 nm (A1 in Figure 3) assigned to 4I9/2 to 4G11/2 disappears because the band gap of the HP phase is at a lower energy (longer wavelength). In the low-pressure zircon phase, the effect of pressure on the A1–A8 absorption bands is qualitatively the same for all of them. We will therefore focus on bands A4 and A5 (4I9/2 to 4F9/2 and 4I9/2 to 4F5/2 transitions), two of the better resolved bands, to illustrate the pressure behavior of internal Nd3+ transitions. Their pressure dependence is shown in Figure 6. The absorption bands consist of several multiplets caused by the Stark splitting. In the low-pressure phase (pressure ≤ 4.7 GPa), there are no qualitative changes as pressure increases. Basically, the absorption bands show the typical red shift which can be attributed to an increase of the covalence in NdVO4 [37]. The position of each of the identified peaks as function of pressure is presented in Figure 7. The behavior is qualitatively similar to related oxides doped with Nd3+ or other lanthanides [17,18,38,39]. In particular, our results suggest that the increase of the crystal field interaction with pressure in NdVO4 is qualitatively similar to that of isomorphic Nd-doped YVO4 [38].



It is noteworthy that, for pressures below the phase transition, some band splitting and merging is present in the 1.5–3.8 GPa range. This may be caused by the well-established distortion of the NdO8 tetrahedron under high-pressure conditions [16]. For pressures higher than 4.7 GPa, the absorption bands are totally different, confirming the phase transition. The optical spectroscopy associated to Nd3+ is thus quite sensitive to pressure, proving also to be a very efficient tool for the detection of phase transitions. Again, the changes induced by pressure in the absorption spectra are not reversible upon decompression (see Figure 4). The changes of the absorption bands are consistent with the coordination change of Nd3+ at the zircon-monazite transition. In the HP monazite phase Nd3+ is coordinated by nine oxygen atoms forming a distorted polyhedron. As in the low-pressure phase, in the HP phase the absorption bands also mainly red shift under compression. However, the pressure shift is slightly reduced, which is caused by the decrease of the compressibility due to the density increase associated to the transition [16]. To conclude, we would like to add that in both phases we observed the splitting of some of the multiplets. We believe this is the results of enhancement of exchange interaction in Nd3+-Nd3+ pairs as pressure increases [18,40].





4. Conclusions


In this study, single crystals of NdVO4 where synthetized and characterized by XRD, UV–VIS absorption, and Raman spectroscopy at ambient conditions and at high pressure (up to 12 GPa). In particular, optical spectroscopy allowed a precise determination of the band-gap energy of NdVO4 (3.72(2) eV), which is found to be larger than that reported in previous studies. We compared the pressure evolution of the fundamental band-gap and of the absorption bands associated with transitions of Nd3+ energy levels. The shape of the fundamental absorption edge does not change with pressure and a phase transition around 5 GPa is evidenced by a sudden collapse of the band gap (∆Eg = −0.69 eV). These HP experiments are thus an accurate tool for establishing the band gap. On the other hand, the absorption bands of Nd3+ show a more gradual evolution but the phase transition is equally put in evidence by their reduced number in the high-pressure phase. The band-gap collapse near 5 GPa can be correlated to the well-known zircon–monazite transition of NdVO4. The transition is irreversible, as the HP phase could be recovered at ambient pressure, with a band gap of 3.26(2) eV. The obtained results have been compared with previous studies. We hope that these conclusions will contribute to deepening the understanding of the optical properties of NdVO4 and its behavior in high-pressure conditions.
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Figure 1. Powder XRD pattern measured in NdVO4. The dots are the experiment. The solid lines the refinement and residual. Ticks indicate the positions of Bragg peaks. The most intense peaks are labeled with their indexes. A picture of the grown crystals is show in the inset, showing their size and transparency. For reference, the squares are 1 × 1 mm. 
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Figure 2. Raman spectrum of low-pressure zircon NdVO4 at ambient pressure (bottom) and high-pressure NdVO4 at 6.9 GPa (top). The modes of the zircon phase are identified. 
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Figure 3. Optical-absorption of zircon-type NdVO4. The inset shows the high-energy region as a function of energy including the fir to the step fundamental absorption described in the text (red line). 
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Figure 4. Optical-absorption NdVO4 at different pressures (indicated in the figure). The spectra assigned to the low(high)-pressure phase are represented with solid (dashed) lines. 
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Figure 5. Pressure dependence of the band-gap energy of NdVO4. Circles (diamonds) correspond to the zircon (monazite) phase. Squares correspond to the post-monazite phase. Results from the present study are shown with solid symbols and results from the literature [11] are shown with empty symbols. 
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Figure 6. Absorbance relative to the 4I9/2 to 4G11/2 and 4I9/2 to 4F9/2 transitions measured at room temperature at different pressures. The spectrum collected after pressure release is marked with (r). The spectra are plotted as function of wavenumber (top) and wavelength (bottom). They have been vertically shifted to facilitate comparison. 
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Figure 7. Peak positions observed under pressure increase. Lines are a guide for the eye. 
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Table 1. Frequencies (ω) in cm−1 of the Raman-active phonon modes at room conditions in NdVO4.
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	Mode
	ω
	Mode
	ω
	Mode
	ω





	Eg
	113(1)
	B1g
	244(1)
	B1g
	472(1)



	B1g
	124(1)
	B2g
	261(1)
	B1g
	795(1)



	Eg
	151(1)
	Eg
	374(1)
	Eg
	808(1)



	Eg
	238(1)
	A1g
	381(1)
	A1g
	871(1)
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